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1.0  INTRODUCTION 


This  report  describes  the  work  performed  by  Scott  Environmental 
Technology,  Inc.  on  Air  Force  Contract  No.  AF29601-75-C-0046 . Before 
this  program,  little  information  existed  on  Air  Force  gas  turbine  engine 
emissions.  These  emissions  data  were  necessary  as  inputs  to  dispersion 
models  used  for  predicting  the  influence  of  the  air  base  on  the  environment. 
The  reported  program  provided  baseline  data  on  19  different  Air  Force  gas 
turbine  engine  types.  Several  engines  of  each  type  were  measured  in  order 
to  determine  the  most  representative  values  of  emissions  for  each  type. 

All  measurements  in  this  program  were  performed  using  the  state- 
of-the-art  Air  Force  Mobile  Emission  Laboratory  which  ranged  from  coast- 
to-coast  during  the  18  month  measurement  period  of  this  program. 

1.1  ENGINE  TEST  PROGRAM 

During  the  course  of  this  program  102  gas  turbine  engines  were 
emissions  tested  at  six  locations.  The  engines  tested  represented  current 
Air  Force  engine  models.  All  exhaust  measurements  were  made  with  sample 
probes  located  in  the  engine  exhaust  as  near  the  exhaust  plane  as  practical. 
The  probes  were  remotely  operated  from  the  Mobile  Emission  Laboratory  (MEL). 
The  MEL  is  a state-of-the-art  exhaust  emissions  analysis  system  specifically 
designed  for  Air  Force  gas  turbine  engine  emissions  testing.  The  MEL 
system  includes  all  the  analyzers,  sampling  probes  and  data  recording 
systems  necessary  for  the  acquisition  and  recording  of  gas  turbine  emissions 
data.  Emissions  testing  was  conducted  at  Air  Force  and  contractor  test 
cell  installations  located  in  the  continental  U.S.A.  Tests  were  conducted 
at  all  engine  power  levels  from  idle  to  full  afterburning. 

The  data  acquired  were  reduced  and  analyzed  by  Scott  into 
emission  indices  and  emission  rates  of  carbon  monoxide,  total  unburned 
hydrocarbons,  nitric  oxide,  total  oxides  of  nitrogen  and  smoke. 
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1.1.1  Engines  Tested  and  Test  Locations 

The  engines  tested  and  their  test  locations  are  listed  in  Table  1-1. 
Also  listed  are  the  number  of  engines  of  each  type  tested,  the  test  periods 
at  each  location  along  with  tabulations  of  the  types  of  tests  conducted. 

The  engines  tested  are  standard  military  aircraft  engines  in  wide  use  by 
the  U.  S.  Air  Force.  The  range  in  size  is  from  small  (1000  lb.  thrust 
trainer  engines)  up  to  the  most  powerful  fighter  aircraft  engines  which 
utilize  afterburning  for  thrust  augmentation.  The  engines  are  distributed 
among  four  general  types:  turbojets,  turbofans  with  mixed  exhaust, 
turbofans  with  external  exhaust  and  turboshaft  engines.  Table  1-2  lists  the 
engines  tested  by  exhaust  type  and  Figure  1-1  depicts  schematically  the 
various  engine  types. 

The  engines  were  tested  at  several  overhaul  bases  during  their 
after-overhaul  performance  tests.  In  general  it  was  not  feasible  to 
emissions  test  the  engines  during  the  performance  tests.  The  engines  were 
run  through  the  performance  tests  and  then  re-run  for  the  emissions 
measurement.  At  each  overhaul  center  the  possibility  of  running  the 
emissions  test  simultaneously  with  the  performance  test  was  explored.  In 
each  case,  simultaneous  testing  was  discarded  and  the  emissions  tests  were 
conducted  on  performance-tested  engines.  During  a performance  test, 
several  engine  trim  adjustments  are  made  to  bring  the  engine  into  perfor- 
mance specification. 

1.1.2  Probe  Types  Used 

Two  exhaust  sampling  probe  types  were  used  during  the  emission 
testing  phase;  a single  point  traverse  probe,  and  a set  of  cruciform 
rakes.  The  single  point  traversing  probe  was  the  probe  initially  supplied 
by  the  Air  Force.  The  rake  probes  were  supplied  by  the  Air  Force  for 
use  during  the  later  phases  of  the  testing  program.  The  two  probe  types 
are  shown  in  Figures  1-2  and  1-3.  The  "single  point"  probe  consists  of  an 
aerodynamic  strut  section  which  is  mounted  to  a mechanical  positioning 
system.  Three  nacelles,  at  the  free  end  of  the  strut,  house  two  sampling 
ports,  one  each  for  the  smoke  sample  and  gas  analysis  sample. 
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TABLE  l - 1 
AIR  FORCE  EMISSIONS 

• ENGINE  AND  TES . NUMMARY 


Test 

Test 

Engines 

iota  l 

Phase 

Locat ion 

Dates 

Tested 

No.  Engines 

Number  ui  Tests 

Cat  A 

Cat  B Cat  B 

Cat  Total  No 

13  pt 

. 4 pt . Rake 

C _ 

Tests 

2 

Teledyne 

7 Mar  75- 

10(l) 

,(2) 

Neosho,  Mo. 

15  Apr-75 

J69-T25 

11 

1 

12 

J85-5 

10 

1 

9d) 

2<2) 

12 

3 

Andrews  Ai 

Apr  75- 

Wash.  , D. C. 

11  May  75 

J60-P3 

6 

1 

4 

1 

6 

J60-P5 

5 

l 

4 

l 

6 

4 

Kelly  AFB 

5 June  75- 

Texas 

7 Oct  75 

J79-15 

6 

l 

5 

1 

7 

T56-A7B 

8 

2 

7 

l 

10 

TF39 

4 

4 

4 

6,7 

Tinker  AFB 

10  Jan  76- 

OK 

30  Apr  76 

J75-17 

2 

l 

3 

1 

S 

J75-19W 

2 

2 

2 

TF33-P3 

4 

1 

4 

l 

’ r, 

TF33-P7 

4 

1 

4 

1 

h 

TF41-A1 

5 

1 

5 

1 

7 

TF30-P3 

3 

1 

3 

l 

- 

TF30-P7 

3 

1 

3 

TF30-P100 

4 

1 

4 

l 

J57-19W 

3 

1 

3 

l 

J57-43  ^ 

J57-F43WBJ 

► * 4 

l 

4 

1 

h 

J57-P218 

3 

1 

3 

1 

5 

8 

Langley  AFB 

13  June  76- 

2(*>  5 

VA 

16  Aug  76 

F100-PW100  5 

1 

8 

9 

GE-Lynn 

28  Aug  76- 

Mass. 

27  Sept  76 

TF34(Dev. ) 2 

2 

TF34(Prod. 

) 5 

l 

4 

1 . 

6 

T700 

2 

2 

2 

TOTALS 

20O) 

102 

28 

43  43 

19 

I 13 

NOTES 

D 2 

Category  B 

teats  were 

performed  at  5 

power 

settings,  remainder  at 

three 

power  settings  - Idle,  Norm,  Mil.  Additional  power  settings  were  two 
Intermediates . 

2)  Non-standard  smoke  test  done  on  J69  and  IH'j. 

3)  J60-P3  and  J60-P5  engines,  and  J57-43  and  J57-F43WB  engines  were 
considered  Identical  for  emissions  purposes. 

4)  One  regular  category  A test  and  one  category  A test  performed  during 
special  test  cell  stack  emissions  tests. 

* These  engine  models  were  grouped  together  because  they  have 
Identical  combustors. 
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TABLE  1-2  ENGINES  TESTED  BY  EXHAUST  TYPE 


A/B  Test 


TyPe 

Engine 

Afterburner 

Performed 

Turbojet 

J69-T25 

J85-5 

Yes 

Yes 

J60-P3,  P5 

J79-15 

Yes 

Yes 

J75-17,  19W 

Yes 

No 

J57-21 , A3,  19 

Turbofan  - Mixed  Flow 

TF  41-A1,  A2 

TF  30  P3,  P7 , P100 

Yes 

No 

F-100-PW100 

Yes 

No 

Turbofan  - External  Fan 

TF  39 

TF  34 

TF  33-P3,  P7 

Turboshaft 

T56-A73 

T700 


FIGURE  1-L  TURBINE  ENGINE  TYPES  TESTED  DURING 
AIR  FORCE  EMISSIONS  PROJECT 


TURBOJET 


I 


TURBOSHAFT  ENGINE 

Turbine  drives  shaft  to  which 
is  connected  a propellor  or 
helicopter  rotor 
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The  third  nacelle  is  the  total  temperature  thermocouple  mount.  The 
mechanical  positioner  is  motor  operated  and  can  position  the  probe  any- 
where along  either  of  two  axes.  These  axes  labelled  +30°  and  -30  degrees 
are  displaced  ±30°  from  the  horizontal  with  the  center  of  the  two  axes 
typically  centered  on  the  engine  center  line.  In  use  the  traversing 
probe  was  positioned  at  either  5 or  13  preselected  exhaust  sampling 
points  per  engine  power  mode  tested.  The  sampling  points  were  located 
at  centers  of  equal  area  in  the  exhaust  exit  plane.  The  13  point 
sampling  was  defined  "Category  A"  and  the  fixed  point  sample  "Category  B". 

In  order  to  further  expedite  the  abbreviated  tests  of  Category  B 
the  rake  probes  were  used  for  the  tests  performed  at  Tinker  AFB  (phases  6 
and  7)  and  Langley  AFB  (phase  8).  These  rakes  are  cruciform  probes  with 
three  sample  inlet  holes  on  each  radius  arm.  All  sample  holes  are  mani- 
folded together  to  the  exhaust  sample  line.  The  three  sizes  of  rake 
probes  were  dimensioned  to  be  used  for  the  engines  of  phases  6 and  7 
however  they  are  useful  for  other  engine  models  of  similar  exhaust  exit 
diameter.  Both  types  of  probe  were  ethyLene  glycol  cooled  to  remove  the 
heat  of  the  jet  exhaust. 

1.1. 3 Sampling  Techniques 

The  thirteen  point  Category  A sample  points  are  shown  schemat- 
ically in  Figure  1-4  and  the  five  point  Category  B sample  points  are  showi: 
in  Figure  1-5.  In  the  Category  A tests  the  exhaust  is  sampled  at  centers 
of  equal  area  across  two  diameters.  There  are  three  sample  points  on 
each  radius  and  one  in  the  center.  The  four  Category  B sample  points  are 
located  on  the  lower  radius  of  the  +30°  axis  with  a fifth  point  on  the 
engine  center  line  which  was  also  sampled  in  order  to  be  able  to  construct 
the  emissions  profile  for  each  test.  The  thirteen  point  test  provides  a 
detailed  cross-sectional  profile  of  the  engine  exhaust  concentrations. 

One  engine  of  each  type  was  tested  in  Category  A.  The  Category  B tests 
were  designed  for  production  testing  of  replicate  samples  in  order  to 
expeditiously  build  up  a statistical  number  of  test  engines.  The 
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Sample 

Position 


- . 9 L3R  - . 707R 


- . 408R  +.408R  +.707R  +.913R 


0 


FIGURE  1-4  CATEGORY  A SAMPLE  POINTS 


abbreviated  testing  of  Category  B required  much  less  engine  running  time 
for  emissions  testing  than  the  Category  A tests.  Category  A tests  were 
accomplished  in  about  two  hours  of  engine  running  time  while  the  Category 
B tests  required  about  one  hour  and  fifteen  minutes. 

The  exhaust  mass  flow  at  each  gas  analysis  sample  point  was 
computed  from  measurements  of  the  total  pressure  and  total  temperature  at 
each  point. 

Exhaust  total  temperature  was  measured  with  either  the  rhodium, 
iridium/rhodium  (IR)  thermocouple  supplied  by  the  Air  Force  or  a Chromel- 
Alumel  (CA)  thermocouple  built  by  Scott.  The  IR  thermocouple  is  housed  in 
a zirconia  ceramic  shield  and  was  used  for  testing  those  engines  with 
afterburning  capability.  For  tests  not  requiring  the  high  temperature 
thermocouple,  a Chrome 1-Alumel  total  temperature  thermocouple  in  a 
stainless  steel  shield  was  utilized  saving  needless  wear  on  the  expensive 
IR  thermocouple. 

1. 1 . 4 Power  Modes  Tested 

The  engines  were  emissions  tested  over  their  complete  power 
range  from  idle  to  full  power.  The  actual  power  levels  used  were  the 
same  as  performance  testing  levels  wherever  possible.  In  addition,  one 
or  two  intermediate  power  levels  were  added  for  completeness.  All 
engines  were  tested  at  idle  and  full  (non-afterburning)  power.  The  full 
power  level  is  called  military,  maximum  continuous  or  take-off  depend- 
ing on  the  engine  model.  The  lack  of  a consistent  nomenclature  for 
military  engine  power  levels  can  cause  confusion  to  the  user  of  the 
emissions  data  presented  in  Section  1.6.  The  per  cent  of  full  power  or 
rated  power  is  included  in  the  data.  In  order  to  apply  the  data  to 
actual  aircraft  operations  the  power  level  used  in  each  mode  (take-off, 
climb,  cruise , approach,  taxi)  must  be  ascertained  for  each  aircraft 
type  in  which  the  particular  engine  is  used.  Then  the  appropriate 
emission  level  from  the  data  tables  can  be  used.  Interpolation  may  be 
necessary  for  some  of  the  intermediate  power  modes. 
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Category  A testing  was  done  at  Idle,  Normal  (approximately  90%), 
Military  and  Maximum  Afterburning.  These  power  settings  were  chosen  because 
they  are  the  same  power  settings  used  in  acceptance  testing  overhauled 
engines.  Category  B tests  were  run  at  Idle,  Normal,  Military,  Maximum  After- 
burning and  two  additional  Intermediate  Power  Levels.  Table  1-3  lists  the 
power  levels  used  for  each  engine  type  tested. 

1.2  ANALYSIS  SYSTEM 

The  exhaust  analysis  system  used  was  the  Air  Force  Mobile 
Emissions  Laboratory  (MEL)  which  was  supplied  to  the  project  as  government 
furnished  equipment.  The  MEL  is  a state-of-the-art  aircraft  turbine  engine 
emissions  laboratory  contained  in  a converted  Air  Force  patient  transport 
bus.  Figure  1-6  is  a photograph  of  the  MEL  and  Figure  1-7  is  a photograph 
of  the  MEL  interior. 

The  MEL  analytical  system  is  built  to  the  EPA  standards  of  July  17, 
1973  as  published  in  the  Federal  Register  Vol.  35,  No.  136.  A controlled 
laboratory  atmosphere  is  provided  for  the  instrumentation  and  the  operators 
through  a carefully  designed  heating  and  air  conditioning  system.  An 
excellent  sound  absorbtion  shield  allows  the  MEL  to  be  operated  adjacent 
to  an  open  air  jet  test  stand  while  maintaining  comfortable  listening 
levels  within  the  laboratory.  Electrical  power  requirements  are  440  V ac , 

3<J>  at  50  Amperes  or  220  V ac  3<(>  at  100  Amperes.  Additionally,  109  gpm 
cooling  water  is  required  for  the  glycol  cooled  probe  heat  exchanger. 

The  MEL  is  55  feet  long,  8 feet  wide  and  13  feet  high.  The 
emission  analyzer  consoles  occupy  the  main  section  of  the  MEL.  Cylinder 
racks  are  located  in  the  driver's  compartment  and  in  the  rear.  Permanent- 
plumbing  connections  are  used  between  the  gas  cylinders  and  the  operators 
console.  A self  contained  intercom  system  provides  communication  between 
the  MEL  operator  and  the  test  cell  operator. 

1.2.1  Instrumentation 

The  MEL  instrumentation  is  housed  in  four  equipment  bays  located 
lengthwise  in  the  vehicle.  Its  three  operators  have  convenient  access  to 
the  three  main  areas;  data  recording,  probe  control  and  smoke  sampling. 
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FIGURE  1-0  MOBILE  EMISSIONS  LABORATORY  (MEL) 


TABLE  1-3 


ENGINE  POWER  LEVELS  TESTED 


Engine  Type 

Power  Mode 

% Rated  Power 

J69-T25 

Idle 

38 

Int . 1 

45 

Int . 2 

75 

Normal 

84 

Military 

100 

J85-5 

Idle 

46 

Int.  1 

65 

Int.  2 

87 

Normal 

92 

Military 

100 

Max.  A/B 

— 

J60-P3 . P5 

Idle 

43 

Int.  1 

75 

Int.  2 

85 

Normal 

97 

Military 

100 

J79-15 

Idle 

65 

Int . 1 

75 

Int.  2 

93 

Normal 

89 

Military 

100 

Max.  A/B 

— 

T56-A7B 

Lo  Ground  Idle 

3 

Hi  Ground  Idle 

8 

Approach 

18 

Cruise 

72 

Normal 

100 

Military 

109 

14 
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TABLE  1-3 
(Continued) 

ENGINE  POWER  LEVELS  TESTED 


Engine  Type  Power  Mode  % Rated  Power 


TF39 

Idle 

6 

Int.  1 

75 

Normal 

97 

Military 

100 

Take  Off 

104 

J 75-17 , 19W 

Idle 

6 

Int . 1 

68 

Int.  2 

88 

Military 

100 

TF33-P3,  P7 

Idle 

5 

Int.  1 

75 

Int.  2 

85 

Military 

100 

Take  Off 

105 

TF41-A1 , A2 

Idle 

5 

Int . 1 

65 

Int . 2 

72 

Mid.  Cruise  Power 

85 

Full  Power 

100 

TF30-P3,  P7,  PI00 

Idle 

5 

Int.  1 

75 

Int.  2 

85 

Military 

100 

IS 


TABLE  1-3 
(Continued) 


ENGINE  POWER  LEVELS  TESTED 


Engine  Type 


Power  Mode 


% Rated  Power 


J57-19W,  21,  43 


F100-PW100 


TF34-100 


T700-GE-700 


*EPR 


Idle 

5 

Int . 1 

75 

Int.  2 

85 

Military 

100 

Idle 

2.1* 

Int.  1 

2.3* 

Int.  2 

2.9* 

Military 

3.7* 

Idle 

7 

Int.  1 

12 

Approach 

34 

Cruise 

59 

Max.  Continuous  Power 

100 

Take  Off 

125 

Max.  Redline 

130 

Ground  Idle 

2 

Flight  Idle 

14 

Ground  Idle  + 

6 

25%  MC 

20 

50%  MC 

40 

75%  MC 

60 

MC 

75 

IRP 

90 

16 


The  main  exhaust  analysis  equipment  is  listed  in  Table  1-4  and  the  system 
is  shown  schematically  in  Figure  1-8.  The  analyzers  are  arranged  in 
parallel  bays  with  independent  electrically  operated  zero  and  span  controls 
for  each  analyzer.  In  addition,  all  instruments  can  be  zeroed  or  spanned 
simultaneously  through  the  electrical  control  system.  The  exhaust  sample 
is  driven  through  the  analyzers  by  two  metal  bellows  sample  pumps  located 
in  a heated  oven.  The  two  pumps  can  be  connected  either  in  series  for 
pumping  from  a low  pressure  source  or  in  parallel  for  doubling  the  flow 
rate.  In  the  reported  test  series  only  one  pump  was  necessary  to  provide 
the  required  sample  flow  to  the  analysis  system.  All  sample  lines  in 
contact  with  the  gas  sample  are  heated  and  thermally  insulated.  Tempera- 
tures of  the  sample  line  to  the  total  hydrocarbon  analyzer  are  maintained 
at  300°F  and  the  temperature  of  the  sample  lines  to  the  other  analyzers 
are  maintained  at  150°F.  Heated  capillary  ovens  are  used  on  both 
chemiluminescence  analyzers.  Sample  flow  rates  to  each  analyzer  are 
metered  and  adjustable. 

The  smoke  sampling  instrument  is  built  according  to  the  specifi- 
cations of  ARP  1179.*  The  active  area  of  the  smoke  filter  is  1.453  square 
inches.  The  quantity  of  exhaust  volume  pulled  through  the  filter  is 
measured  by  a wet  test  meter.  The  wet  test  meter  sample  temperature  and 
pressure  are  measured  so  that  the  appropriate  corrections  can  be  made  to 
obtain  the  true  sample  volume. 

1.2.2  Data  Recording  System 


As  originally  supplied  the  MEL  instrument  data  along  with  the 
various  system  temperatures  were  recorded  on  the  printed  ticker  tape 
output  of  Kaye  8000  data  logger.  Manually  recorded  were  the  exhaust  total 
pressure,  instrument  ranges  and  mode  and  sample  point  identifications. 
These  were  hand  logged  on  suitable  data  forms.  During  the  course  of  this 
program  the  MEL  was  retrofitted  with  a completely  automated  system  of 
data  logging  on  magnetic  tape.  This  made  the  data  more  compatible  with 
computer  processing,  removing  the  need  for  key  punching  the  data  from 


* "Aircraft  Gas  Turbine  Engine  Exhaust  Smoke  Measurement",  Society  of 
Automotive  Engineers,  ARP  1179,  May  4,  1970 
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EXHAUST  ANALYSIS  INSTRUMENTATION 
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TABLE  1-4 
(Continued) 


the  ticker  tape  and  hand  logs  onto  computer  punch  cards.  The  details  of 
the  improved  data  acquisitions  system  which  were  developed  under  the 
reported  contract  are  documented  in  References  2 and  3. 

The  data  processing  software  developed  for  the  MEL  provided  a 
capability  to  the  system  to  record  turbine  engine  environmental  test 
data  on  IBM  computer  compatible  magnetic  tape.  (See  Figure  1-9).  The 
system  utilized  a WANG  LABORATORIES  Model  2200T  processor  to  drive  the 
WANG  Model  2209  Nine  Track  Magnetic  Tape  Unit.  A model  2201  Output 
Typewriter  provided  a hard  copy  output,  while  an  immediate  visual  display 
of  data  was  provided  on  the  processor's  Cathod  Ray  Tube  (CRT).  A tape 
cassette  unit  and  a keyboard  provided  the  means  for  program  and  operator 
data  entry.  Three  WANG  Model  2250  I/O  Controllers  allowed  the  system  to 
accept  digital  data  from  both  KAYE  and  FLUIDYNE  data  loggers  and  output 
data  to  the  Magnetic  Tape  unit.  The  KAYE  unit  scanned  30  Channels  of 
MEL  test  data  while  the  FLUIDYNE  unit  provided  instrument  range  and  system 
status  data. 

The  system  was  integrated  through  direct  electrical  interconnections 
and  system  control  placed  in  the  hands  of  the  operator  by  his  selection 
of  programmed  commands . 

Four  distinct  programs  were  developed  to  operate  the  data 
acquisition  system  and  subsequent  tape  printout  feature.  The  first 
three  programs  were  tied  together  in  a program  "Executive"  to  allow  data 
entry  through  the  keyboard,  the  KAYE  interface  and  the  FLUIDYNE  inter- 
face and  to  record  this  data  on  magnetic  tape.  A WANG-supplied  Magnetic 
Tape  Utilities  Program  was  substantially  modified  and  incorporated  into 
the  software  design  and  used  to  operate  the  nine  track  tape  unit.  A 
number  of  system  status  checks  and  "Tape-Ready"  checks  were  provided  in 
the  system  to  assist  the  operator.  The  fourth  program  is  a unique  program 
designed  to  produce  a typewriter  copy  of  the  data  stored  on  magnetic 
tape  for  use  in  the  event  the  tape  was  lost  or  damaged  and  also  to  provide 
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FIGURE  1-9  MOBILE  EMISSION  LABORATORY 
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the  operator  with  a record  of  instrument  operation  during  the  test  for 
quality  control  purposes. 

1.2.3  Probes  and  Coolant  System 

The  exhaust  sampling  probe  (traversing  probe)  originally  supplied 
to  the  project  was  constructed  of  mild  steel.  It  was  ethylene  glycol 
cooled/heated  with  a coolant  conditioning  system.  Before  testing  the  probe 
was  heated  to  150°C  through  the  glycol  system.  When  testing  the  glycol 
coolant  temperature  was  cooled  by  a heat  exchanger  to  maintain  the  150°C 
temperature.  At  the  beginning  of  field  testing  of  Phase  2 in  February 
1975,  a second  probe  made  of  high  nickel  steel  was  under  fabrication  at 
AEDC  for  this  project.  During  afterburning  tests  on  the  first  J85  engine 
using  the  original  probe  a crack  developed  in  the  probe  outer  skin  and  the 
leading  edge  of  the  probe  and  the  probe  tip  showed  red  color  during  after- 
burning. The  Project  Officer  elected  to  suspend  afterburning  tests  until 
receiving  the  new  high  nickel  probe  from  AEDC.  The  last  two  J85  engines 
measured  were  tested  in  maximum  afterburning  using  the  original  mild  steel 
probe  since  tl'ie  high  nickel  probe  had  not  yet  been  delivered.  It  was  not 
possible  to  keep  the  mild  steel  probe  in  the  afterburning  exhaust  stream 
long  enough  to  stabilize  the  emissions  analyzers  before  the  probe  showed 
color. 

The  new  high  nickel  steel  probe  was  delivered  in  time  for  the 
Phase  4 tests  of  the  J79  engines  at  Kelly  AFB.  However,  this  probe  also 
showed  color  along  the  leading  edge  during  afterburning  tests.  AEDC 
verified  that  this  could  be  expected  and  was  acceptable.  Five  J79  tests 
including  afterburning  were  performed  without  incident  except  for  the  fail- 
ure of  one  of  the  IR  thermocouples.  On  the  sixth  J79  test,  the  new  probe 
was  bent  at  the  probe  flange  during  an  A/B  run.  It  was  then  sent  back  to 
AEDC  for  repair.  The  remaining  tests  at  Kelly  on  the  T56  and  TF39  engines 
were  performed  with  the  original  mild  steel  probe. 

Three  new  rake  probes  were  built  by  AEDC  prior  to  the  engine 
tests  at  Tinker  AFB.  The  dimensions  of  the  small,  medium  and  large  rakes 
are  detailed  in  Table  1-5. 
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TABLE  1-5 

RAKE  PROBE  DIMENSIONS 


Radii  for 

Sampling 

Points  of 

Rake  Probes. 

Rake 

Code 

Inner 

Middle 

Outer 

Effective* 
Hoop  Dia. 

Small 

RS 

3.125 

7.375 

9.50 

30.5 

Medium 

RM 

3.375 

8.875 

11.625 

35.3 

Large 

RL 

5.25 

12.625 

16.50 

45.0 

* Effective  Hoop  Diameter  is  the  hoop  diameter  minus  the  dimension  of 
the  manifold  box  which  projects  inside  the  actual  hoop. 
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These  rake  probes  were  glycol  cooled  by  the  same  coolant  condi- 
tioning system  as  the  traverse  probe.  Due  to  the  large  exposed  area  of  the 
rake  probes  as  compared  to  the  traversing  probe  and  the  greater  heat  flux  to 
the  rakes,  it  was  not  possible  to  use  these  rakes  for  A/B  tests.  A modified 
test  schedule  was  devised  by  the  contract  officer  to  minimize  the  impact  of 
the  emissions  test  on  the  Tinker  test  cell  schedule.  The  rake  probes  were 
used  for  all  the  Category  B tests  effectively  decreasing  the  test  cell  time 
required.  The  medium  rake  developed  hairline  cracks  in  the  outer  skin 
between  the  sample  ports.  Repairs  were  made  by  the  Tinker  shops.  The 
repaired  high  nickel  probe  failed  by  a rupture  along  the  probe  leading  edge 
during  the  sampling  of  the  first  J75  engine.  The  Tinker  tests  were  com- 
pleted using  the  repaired  rake  and  the  original  traverse  probe.  A larger 
heat  exchanger  was  purchased  by  Scott  to  AEDC  specifications  before  commenc- 
ing the  F100  tests  at  Langley  AFB.  During  the  week  of  July  19,  tests  were 
conducted  on  the  new  glycol  cooling  system.  AEDC  supervised  the  tests.  The 
tests  were  conducted  using  the  high  nickel  steel  traversing  probe  mounted 
behind  an  F100  engine.  AEDC  calculations  indicated  that  the  new  heat 
exchanger  was  still  insufficient  to  withstand  the  anticipated  3900°R  total 
temperature.  The  glycol-cooled  probe  maximum  working  temperature  is  3500°R 
due  to  limitations  in  the  thermodynamics  of  cooling  by  nucleate  boiling 
with  glycol.  The  probe  tests  verified  the  calculations.  The  probe  cooling 
was  adequate  at  power  settings  up  through  full  unaugmented  power.  In 
Zone  2 afterburning,  the  probe  leading  edge  below  the  thermocouple  nacelle 
showed  color.  It  was  therefore  decided  that  no  afterburning  tests  would  be 
conducted  on  F100  engines. 

In  short,  the  measurement  of  the  emissions  of  afterburning  engines, 
was  only  partially  achieved  because  of  inadequate  sampling  probe  and  cooling 
system.  This  failure  occurred  because  the  state-of-the-art  of  probe  testing 
in  afterburner  streams  was  Inadequate.  The  knowledge  gained  in  this  program, 
however,  led  directly  to  the  design  of  a successful  afterburner  probe  in  a 
subsequent  program.* 

*F100  Engine  Emission  Test  Report,  USAF  Contract  No.  F08635-77-C-0216 , 

Scott  Environmental  Technology,  Inc.  Report  No.  SET  1628-01-0177,  Oct.  1977. 
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1.2.4  Sample  Lines 

The  heated  sample  lines  used  for  the  majority  of  the  project  were 
those  provided  by  Technical  Heaters,  Inc.  These  were  100  foot  3/8  inch 
Teflon  lines  insulated  and  electrically  heated.  They  operated  with  a 
minimum  of  difficulty.  One  of  these  lines  was  damaged  during  a TF39  test 
and  repaired  by  the  manufacturer.  The  sample  lines  originally  supplied  to 
the  project  were  made  by  Thermal  Systems,  Inc.  Several  failures  with  these 
lines  led  to  their  abandonment  early  in  the  field  testing.  During  the 
period  before  receiving  the  Technical  Heaters  lines,  heated  3/8  inch 

diameter  stainless  steel  lines  supplied  by  Scott  were  used.  These  Scott  ' 

lines  were  originally  designed  and  built  for  the  EPA  gas  turbine  emissions 
variability  study.  A minor  operational  difficulty  with  these  stainless  steel 

lines  was  discovered  while  emissions  testing  T56  engines.  Conversion  of  1 

NO2  to  NO  was  apparently  taking  place  in  the  heated  stainless  steel  lines. 

* 

A special  test  using  a T56  engine  was  conducted  to  evaluate  this  problem. 

A recently  delivered  Technical  Heaters  line  and  the  Scott  stainless  steel 
1 Lne  were  connected  between  the  sample  probe  and  the  MEL.  Either  line  could 
be  selected  by  the  MEL  operator  through  a system  of  solenoid  valves.  The 
emissions  analyzers  indicated  the  same  levels  of  all  emissions  species  except 
NO.  The  N0X  levels  were  the  same  but  the  relative  amount  of  NO  was  different. 

Tests  were  conducted  on  the  two  lines  while  waiting  for  TF39  engine  tests. 

The  differences  noted  earlier  were  confirmed  using  mixtures  of  NO  in  air 
and  NO  plus  NO2  in  air.  The  total  N0X  levels  were  the  same  when  the  lines 
were  heated  and  broken-in.  N0X  was  conserved  in  both  lines.  Conversion 
of  NO2 to  NO  occurred  in  the  stainless  steel  sample  line  probably  due  to 
catalytic  action  at  the  sample  line  temperature  (300°F).  This  effect 
had  not  been  observed  before  in  this  writer's  experience  with  gas  turbine 
testing  but  may  have  been  present.  The  important  thing  is  that  no  N0X  has 
been  lost  in  the  previous  tests  and  only  the  ratio  of  NO  to  N0X  may  have 
been  affected.  The  following  is  a description  of  the  experimental  set-up 
used  to  explore  the  differences  in  the  two  sample  lines  when  sampling  NO 
and  NO2  mixtures. 
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Test  Procedure 


A NO/NOx  sample  was  synthesized  in  the  N0X  generator.  This  sample 
could  either  go  directly  to  the  chemiluminescent  analyzer  through  the  MEL 
span  line  or  be  routed  through  either  the  100  foot  Teflon  line  or  the  60 
foot  stainless  steel  line  (see  Figure  1-10).  The  levels  involved  at  the 
source  were  about  70-80  ppm  N0X  of  which  20-30  ppm  was  NO.  After  the 
initial  tests,  the  stainless  steel  line  was  washed  out  with  acetone  and  a 
wiper  run  through  to  loosen  up  the  lampblack  followed  by  a final  flush  with 
acetone. 

Test  Results 

Tests  were  conducted  to  try  to  determine  whether  NO  or  NO2  was 
either  lost  or  converted  while  passing  through  the  sample  lines.  The 
first  test  indicated  that  some  NO2  was  being  lost  on  the  teflon  lines  and 
that  NO2  was  being  converted  to  NO  in  the  stainless  steel  lines  while  both 
lines  were  being  operated  hot  (300°F) . The  lines  were  operated  over  a range 
of  temperatures  between  ambient  and  300°F. 

Table  1-6  summarizes  the  results  obtained  in  the  initial  tests 
using  the  lines  as  used  during  the  T56  engine  tests,  i.e.  the  Teflon  line 
was  new  and  clean  and  the  stainless  steel  line  was  soot-coated  on  the 
inside.  Both  lines  absorbed  N0X  (probably  the  N02)-  The  stainless  steel 
line  at  ambient  temperature  absorbed  45%  of  the  N0X  and  the  Teflon  line 
heated  to  300°F  absorbed  13%  of  the  N0X  in  the  first  test.  The  dirty 
cold  stainless  steel  line  also  absorbed  NO2.  After  heating  to  300°F  the  hot 
stainless  steel  line  (still  dirty)  absorbed  none  of  the  NC>2.  As  the  stainless 
steel  line  temperature  increased,  more  and  more  NO2  was  converted.  The 
cold  stainless  steel  line  (dirty)  on  a second  trial  absorbed  1/3  of  the  N0X. 
When  reheated  to  300°F,  it  showed  no  loss  of  N0X  and  again  conversion  of 
the  NC>2  to  NO.  At  300°F  the  conversion  of  the  NO2  present  was  essentially 
100%. 

The  stainless  steel  line  was  then  cleaned  to  see  if  the  NO2 
absorption  experienced  with  the  cold  line  could  be  eliminated.  The  Teflon 
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Sample  Line 

SS  Line  - 60  feet  long  - same  line  used  for  J79  and  T56  tests  Kelly  AFB, 
Texas,  June  through  August  1975.  Made  up  of  2 sections  3/8  O.D.  x .04H 
wall  SS  type  304  20’  long  and  1 section  3/8  O.D.  x .035  wall  SS  line. 

The  stainless  steel  line  was  coated  with  soot  (carbon  black)  from  the 
engine  tests. 

Teflon  Line  - 100  foot  length  of  Technical  Heaters  Teflon  line  3/8"  O.D. 
TFE  tube  with  .035  wall.  This  line  was  brand  new  and  had  never  been  used 
on  engine  tests. 


FIGURE  1-10  N0/N0x  TEST  SET-UP 


TABLE  1-6 

NO/NOx  SAMPLE  LINE  TESTS 
RESULTS  WITH  DIRTY  SAMPLE  LINE 


N0X  Absorption 


All  Test  Flow  Rates  ^1.75  SCFH 


Line 

Temperature 

Condition 

Loss  % N0V 

TEF 

Hot  300°F 

Clean 

13 

SS 

Cold  95°F 

Dirty 

45 

SS 

Warm  150°F 

Dirty 

Gain  of  N0X 

31%  increase  over  input! 

SS 

Warming  Up 

To  300  F 

Dirty 

Amount  of  Excess  N0X 

Over  Input  Decreases 

With  Time  '''l  Hr.  During 
Heating  Until  N0X  In  = 
NOx  Out  on  the  SS  line 

SS 

300°F 

Dirty 

Negligible  to  no  loss 

300°F 


after  ^>3  Hr.  Period 
Negligible  After  ^3  Hr. 


TEF 


Clean 


line  was  also  tried  cold.  A small  amount  of  the  NO2  (4%)  was  absorbed 
by  the  cold  Teflon  line.  The  cleaned  stainless  steel  (cold)  line  showed 
6%  loss  of  the  N0X.  It  should  be  noted  that  this  was  about  the  level  of 
uncertainty  in  the  NO/NOx  line  test  system  at  this  point.  There  were 
system  flow  problems  which  affected  instrument  accuracy  which  was  not 
resolved  until  later  in  the  tests.  The  flow  problem  was  caused  by  the 
span  system  pressure  regulator.  The  sample  line  test  system  was  improved 
by  removing  the  regulator  in  the  span  line  (DIRECT) . The  N0X  loss  measured 
with  the  stainless  steel  sample  line  at  300°F  was  now  zero.  However,  the 
NO2  to  NO  conversion  was  still  approximately  100%.  Therefore,  it  can  be 
concluded  that  the  lampblack  coating  absorbed  NO2,  and  that  catalytic 
conversion  of  NO2  to  NO  probably  occurred  at  the  heated  stainless  steel 
walls. 

Table  1-7  summarizes  the  results  obtained  with  the  cleaned  stainless 
steel  line  compared  to  the  Teflon  lines  and  the  direct  measurement. 

Conclusions 

No  loss  of  N0X  occured  in  the  two  types  of  sample  lines  (stain- 
less or  Teflon)  used  in  measuring  gas  turbine  emissions.  New  Teflon  lines 
undergo  a break-in  period  where  some  NO2  is  lost.  However,  this  period 
is  quite  short  on  the  order  of  a few  minutes  of  exhaust  sampling  time. 
Conversion  of  NO2  to  NO  does  occur  in  heated  (300°F)  stainless  steel  lines 
probably  by  catalysis;  however,  the  total  N0X  sample  was  conserved  even 
in  stainless  steel  lines  internally  coated  with  soot. 

1.3  TEST  PROCEDURE 

This  section  describes  the  general  procedure  for  emissions 
testing  Air  Force  gas  turbine  engines  during  the  reported  program.  All 
the  engines  were  tested  after  regular  post-overhaul  performance  run-ups 
in  instrumented  test  cells.  Specially  constructed  brackets  positioned 
the  sample  probes  behind  the  engine  exhaust  nozzles.  Sample  lines  and 
probe  control  cables  were  passed  through  the  test  cell  walls  to  connect 


30 


TABLE  1-7 


NO/NOx 

SAMPLE  LINE 

TESTS 

RESULTS  WITH  CLEANED  SAMPLE  LINE 

Mode 

NO 

N0X 

Temp. 

Remarks 

DIR 

53 

79.5 

Cold 

TEF 

28.5 

76 

Cold  100°F 

4%  Loss  of  NO 

X 

SS 

43.5 

53 

Cold  100°F 

33%  Loss  of  N0X 

DIR 

50 

80 

Cold 

DIR 

50 

80 

Cold 

Repeated  after  2 min. 
elapsed  time 

SS 

37 

54 

Cold 

32%  Loss  of  N0X 

Heat  Lines 


SS 

82 

82 

300°F 

TEF 

34 

82 

300°  F 

DIR 

81 

82 

Cold 

Generator 

0o 

Off 

All 

same  indicate 

J 

NO2 

absorption  by 

DIR 

82 

Generator 

°3 

On 

TEF 

has  reached 

Saturation 
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into  the  MEL  which  was  parked  adjacent  to  the  test  cell  outer  wall.  The 
engines  were  performance  tested  first  and  then  emissions  tested.  Emissions 


tests  were  made  at  several  engine  power  settings  from  idle  to  full  power. 

Category  A tests  documented  13  sample  points,  12  at  centers  of 
equal  area  on  two  exhaust  plane  diameters  plus  the  center.  Category  B 


tests  were  done  by  either  sampling  at  four  centers  of  equal  area  on  one 
nozzle  radius  or  by  sampling  with  a rake  probe  of  12  sample  points  mani- 
folded together.  Once  the  test  engine  was  stabilized  at  a given  power 
setting,  the  emissions  readings  were  taken  at  each  of  the  exhaust  sample 
points.  The  engine  operating  conditions  were  logged  by  the  test  cell 
operators  at  the  beginning  and  end  of  the  emissions  measurements  at  each 
power  setting. 

1.3.1  Test  Cell  Installation 

The  exhaust  sample  probe  stands  and  support  equipment  were  attached 
either  to  the  test  cell  floor  or  to  the  augmenter  supports  or  both.  Each 
test  cell  installation  was  different.  In  most  test  cells  the  traversing 
probe  positioner  could  be  mounted  directly  to  the  floor  by  first  bolting 
down  steel  plates  to  the  cell  floor  with  concrete  anchor  bolts.  Pads 
pre-drilled  and  threaded  were  then  welded  to  the  steel  plates.  The  flat 
flanges  of  the  probe  positioner  were  then  bolted  down  to  the  steel  pads 
using  the  appropriate  shims  as  necessary  to  align  the  traversing  probe 
to  the  engine  centerline. 

For  those  test  cells  with  elevated  engine  mounts  such  as  those 
experienced  at  Tinker,  Kelly  and  GE-Lynn,  trusswork  stands  were  built 
upon  which  the  probe  positioner  was  mounted.  The  rake  probe  was  mounted 
in  the  same  fashion  as  the  movable  probe. 

The  glycol  coolant  system  was  located  in  the  test  cell  adjacent 
to  the  sample  probe.  Test  cell  water  lines  were  connected  to  the  water 
cooled  heat  exchanger.  Flexible  lines  connected  the  coolant  system  to 
the  probe  allowing  the  probe  freedom  of  movement.  Control  cables  for 
the  coolant  system  and  the  smoke  and  gas  sample  lines  were  passed  through 
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access  ports  in  the  test  cell  wall.  The  probe  positioner,  coolant  system 
and  sample  line  heaters  were  all  remotely  operated  from  the  MEL. 

The  MEL  was  operated  from  either  440  V ac  or  220  V ac,  3<J>  power. 

The  MEL  intercom  system  was  connected  to  the  test  cell  to  allow  direct 
communications  between  the  MEL  operator  and  the  test  cell  operator. 

1.3.2  Calibration  Procedures 

When  beginning  operations  at  a new  site  the  instruments  were 
warmed  up  as  soon  as  possible.  After  initial  checkouts  for  damage  or 
improper  operation,  the  analyzers  were  zero  balanced.  A complete  cali- 
bration was  then  performed  on  each  instrument.  Table  1-8  lists  the 
calibration  and  span  gas  inventory  used  for  these  calibrations.  If  in 
comparing  the  calibration  results  with  previous  calibrations  a discrepancy 
was  noted,  then  the  source  of  the  discrepancy  was  ascertained  and  remedied. 
Calibration  gases  which  had  apparently  changed  concentration  since  their 
last  analysis  were  sent  to  Scott,  Plums teadville  for  re-analysis.  Sometimes, 
glass  flask  samples  were  collected  from  questionable  calibration  cylinders 
and  analyzed  at  Scott  to  determine  if  more  detailed  analyses  were  necessary. 

Complete  instrument  calibrations  were  repeated  every  30  days 
during  continuous  field  work  at  a site. 

N0X  converter  efficiency  was  checked  weekly.  The  calibration 
of  the  electrical  total  pressure  meter  was  checked  by  comparison  to  the 
aneroid  unit. 

Before  each  engine  emissions  test,  the  analyzers  were  spanned 
and  zeroed.  After  the  test,  the  instrument  zeroes  and  spans  were  checked. 

No  attempt  was  made  to  readjust  the  analyzers  unless  excessive  span  or 
zero  drift  occurred.  If  instrument  misadjustment  was  suspected  the 
analyzers  were  zero  and  span  checked  then  adjusted  and  then  the  new  zero 
and  span  values  logged. 

1.3.3  Exhaust  Emission  Data 

During  an  engine  test  the  instrument  readings,  range  data  and 
analysis  system  parameters  were  logged  on  magnetic  tape.  Ten  scans  of 
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TABLE  1-8 


MEL  SPAN  AND  CALIBRATION  GAS  INVENTORY 


Span  and  Working  Gases  In  MEL 
Gas  Analysis  No.  of  Cylinders 


Blended  Air  1 
Zero  Grade  N2  1 
Oxygen  1 
60/40  Hydrogen/Helium  1 
Propane  1540  ppm  C3  1 
Propane  13.0  ppm  C3  1 
CO  80.0  ppm  1 
CO  225  ppm  1 
CO  2500  ppm  1 
CO  2500  ppm  1 
C02  3.32%  1 
C02  8.9%  1 
NO  48.2  ppm  1 
NO  94.0  ppm  1 


Calibration  Gases 

Nominal  Gas  Concentration  No.  of  Cylinders 


Propane  8 ppm  2 

Propane  90  ppm  3 

Propane  150  ppm  2 

Propane  875  ppm  i 

CO  60  ppm  1* 

CO  80  ppm  3 

CO  200  ppm  2 

CO  580  ppm  1* 

CO  900  ppm  1 

CO  1800  ppm  1 
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TABLE  1-8 
(Continued) 

MEL  SPAN  AND  CALIBRATION  GAS  INVENTORY 

Calibration  Gases 

Nominal  Gas  Concentration  No.  of  Cylinders 


CO  2500  ppm 

1 

CO  4200  ppm 

1 

CO  5900  ppm 

1 

C02  1.5% 

1* 

C02  4.5% 

1 

C02  6.0% 

1* 

C02  9% 

2 

C02  12% 

1 

NO  4.5  ppm 

1 

NO  9.4  ppm 

1 

NO  95  ppm 

1 

NO  240  ppm 

1 

°2 

2 

Zero  Grade  N2 

3 

Hydrocarbon-Free  Air 

2 

H2/He 

2 

Toluene  30  ppm 

1 

Propylene  42  ppm 

1 

Hexane  6 ppm 

1 

* Indicates  CO  plus  CO2  blend  in  N2 
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the  instruments  were  logged  at  each  Category  B sample  point.  Five  scans 
of  each  instrument  were  logged  at  each  Category  A sample  point.  The  scans 
were  begun  when  the  emissions  readings  were  stabilized  at  each  sampling 
point . 

Smoke  samples  corresponding  to  a filter  loading  of  0.023  lbs.  of 
sample  air  passing  through  each  square  inch  of  filter  paper  (W/A  = 0.023) 
were  taken  at  each  sample  point.  The  quantity  of  sample  required  was  read 
from  a prepared  table  of  required  sample  volume  versus  sample  temperature 
and  sample  pressure.  The  smoke  data  were  entered  on  a test  form,  a sample 
of  which  is  shown  as  Figure  1-11. 

During  the  Category  C testing,  four  smoke  spot  samples  corre- 
sponding to  W/A's  of  approximately  .01,  .015,  .03  and  .05  were  taken. 

The  true  W/A  at  each  point  was  determined  from  the  recorded  sample 
temperature  and  pressure  and  the  wet  test  meter  volume  reading.  These 
smoke  spot  samples  were  then  used  to  plot  the  least-squares  fit  of  smoke 
number  (S/N)  versus  W/A.  While  the  four  smoke  spots  were  being  taken  in 
the  Category  C tests,  four  repeat  readings  were  taken  on  the  emissions 
analyzers.  Category  C tests  were  always  done  using  sample  point  number  3 
of  the  Category  B test  sample  point  configuration.  In  actual  practice, 
the  Category  C tests  were  done  as  an  add-on  to  a Category  B test. 

1.3.4  Engine  Operating  Pat a 

The  engine  operating  data  read  off  the  test  cell  engine  instru- 
mentation were  transcribed  onto  a test  form  supplied  by  Scott.  A sample 
of  this  form  is  shown  as  Figure  1-12.  The  data  entered  on  this  form  included 
engine  thrust,  low  speed  rotor  RPM,  high  speed  rotor  RPM,  fuel  flow,  air 
flow,  test  cell  gauge  pressure  at  engine  inlet,  bell  mouth  static  pressure, 
bell  mouth  total  pressure,  engine  pressure  ratio,  compressor  inlet  total 
temperature,  exhaust  gas  temperature,  turbine  inlet  temperature  and  exhaust 
nozzle  area. 

1.3.5  Engine  History  Data 

Engine  history  data  were  also  entered  into  the  form  of  Figure  1-12. 
These  data  inlcuded  the  engine  type  and  dash  number,  engine  serial  number 
and  the  engine  total  time. 
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1.3.6  Ambient  Air  Data 


The  ambient  air  temperature,  humidity  and  barometric  pressure 
were  recorded  at  the  beginning  and  end  of  each  engine  test.  The  data 
were  obtained  from  the  test  cell  instruments  and  logged  on  the  engine 
test  data  form. 

1.4  DATA  PROCESSING  PROCEDURE 

The  system  used  to  process  the  gas  turbine  emission  data  was  a 
computerized  system  which  accepted  the  magnetic  tape  recording  generated 
by  the  MEL  and  processed  it  through  to  calculated  mass  emission  rates. 

The  procedure  proceeded  in  two  steps  1)  conversion  of  raw  data  into 
engineering  values  and  arrangement  into  computer  files  and  2)  calculation 
of  mass  emission  rates  and  generation  of  emission  test  reports. 

1.4.1  Raw  Data  Reduction 

The  raw  data  reduction  scheme  is  illustrated  in  Figure  1-13. 

Three  parallel  run  streams  produce  the  concentration  data  file,  the  engine/ 
test  data  file  and  the  smoke  data  file. 

Gas  Concentration  Data  Reduction 

The  magnetic  tape  recording  produced  by  the  MEL  Data  Acquisition 
system  is  a recording  of  the  analysis  instrument  voltages  and  digitally 
encoded  supporting  data  such  as  test  number,  run  number,  probe  position, 
time  of  day,  system  status  codes  and  instrument  ranges.  In  the  first 
step  the  magnetic  tape  recorded  in  EBCDIC* is  read  into  the  computer, 
converted  to  machine  language,  and  arranged  into  a raw  data  file  format. 
Figure  1-14  is  a sample  of  raw  data  file  format.  This  file  is  stored  in 
the  computer  for  future  use  and  also  output  listed  for  the  data  analyst 
to  examine.  Any  incorrect  data  can  be  corrected  at  this  stage.  Improper 
test  or  run  codes  logged  at  the  time  of  the  test  can  now  be  made  correct. 
Data  from  an  aborted  run  can  be  deleted.  Also,  inserted  into  this  file 
on  punch  cards,  are  the  span  gas  calibration  data. 

The  corrected  raw  data  were  reduced  to  concentration  uni^s  by 

*Extended  Binary  Coded  Decimal  Interchange  Code 
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first  adjusting  the  recorded  voltages  for  instrument  zero  drift  and  then 
scaling  the  concentrations  using  the  appropriate  span  factor.  Since 
instrument  calibrations  were  made  at  a minimum  at  the  beginning  and  end 
of  each  test  a time  wise  history  of  span  drift  and  zero  drift  can  be 
calculated  for  each  data  point  time.  Interpolated  values  of  zero  and  span 
factor  were  used  to  adjust  each  instrument  reading.  The  readings  from 
the  non-linear  instruments  (the  NDIR's  for  CO  and  CO2)  were  scaled  using 
the  standard  calibration  curve  developed  for  each  range  of  each  instrument 
A cubic  polynomial  routine  was  used  for  the  non-linear  curve  fit.  The 
total  temperature  thermocouple  reading  was  also  scaled  from  the  recorded 
value  using  the  cubic  polynomial  routine. 

Total  temperature  was  recorded  three  ways:  1)  using  an  Iridium- 
Rhodium  Iridium  thermocouple  recorded  on  a Copper-Cons tan tan  channel, 

2)  Using  a Chromel-Alumel  thermocouple  recorded  on  a Copper-Constantan 
channel  or  3)  Using  a Chromel-Alumel  thermocouple  recorded  on  a voltage 
channel.  In  reducing  the  thermocouple  data  the  appropriate  algorithm  was 
used  depending  on  the  way  in  which  the  data  were  recorded. 

The  concentration  edit  report  provided  a step  in  which  the  analv 
reviewed  the  data  file  for  errors  or  omissions. 

Engine/Test  Data  Reduction 

The  engine  operating  parameters  are  obtained  from  the  test  cell 
operators  on  a hand  written  log  form.  These  data  plus  the  "test"  data 
which  include  the  date,  engine  serial  number,  test  number,  and  other 
labelling  parameters  are  entered  into  the  computer  data  processing  system 
on  punched  cards.  The  computer  then  arranges  the  data  into  a file, 
converting  the  "as  measured"  engineering  units  to  the  units  required  for 
the  test  reports.  The  fuel  analysis  data  are  converted  to  H/C  ratio.  A 
listing  is  provided  for  editing. 

Smoke  Data  Reduction 

The  smoke  data  are  delivered  from  the  field  as  a hand  log  of 
smoke  densities  and  sample  volumes,  pressures  and  temperatures.  The  data 
are  transfered  to  punch  cards  which  are  then  input  to  the  smoke  data 


reduction  program.  The  output  is  a computer  file  and  a listing  of  calcu- 
lated smoke  number  and  filter  loading  for  each  smoke  sample.  The  listing 
is  reviewed  and  edited  of  any  errors. 

1.4.2  Calculation  of  Mass  Emission  Rates 

The  second  step  in  the  data  reduction  process  is  the  calculation 
of  mass  emission  rates  of  the  various  pollutants.  The  technique  is  that 
of  SAE  ARP  1256* involving  a carbon  balance.  Additionally  the  data  are 
mass  flow  weighted.  The  measured  concentrations  at  each  sample  point  are 
weighted  by  the  mass  flow  at  that  sample  point.  A mass  flow  weighted  average 
concentration  over  the  exhaust  plane  is  then  calculated.  These  mass  flow 
weighted  average  concentrations  are  then  used  to  calculate  the  emission 
rates  by  carbon  balance. 

The  mass  flow  parameter  is  calculated  from  the  exhaust  total 
temperature  and  total  pressure  at  each  sample  point.  The  mass  flow 
parameter  is  the  product  of  the  exhaust  gas  density  and  velocity.  Section 
1.5.1  describes  the  mass  weighting  technique.  The  exhaust  stream  velocity 
is  calculated  from  the  total  pressure  and  total  temperature  thusly: 


First  the  Mach  number  is  calculated 


pQ  and  pg  are  the  total  pressure  and  static  pressure  in  absolute  units. 

Y is  the  ratio  of  specific  heats  and  was  selected  from  a table  of  y versus 
temperature.  The  free  stream  temperature  (Tg)  is  calculated  from  the 
total  temperature  (T0) 

Tp 

Ts  = i + izi  m2  (2) 

The  speed  of  sound  (Vg)  in  the  exhaust  gas  is 

Va-yYgRTT  (3) 

*Procedure  for  the  Continuous  Sampling  and  Measurement  of  Gaseous  Emissions 
from  Aircraft  Turbine  Engines,  Society  of  Automotive  Engineers,  ARP  1256. 


where  g is  the  dimensioned  constant  32.117  ft/sec^  and  R for  air  is 
lb-ft 


53.3 


■or 


The  exhaust  velocity  at  each  sample  point  is  then: 


V - (Va)M 

and  the  exhaust  gas  density  at  each  point  is: 
Po 


(4) 


YRTc 


(5) 


The  mass  flow  at  each  point  was  obtained  from  the  product  of  o 
and  V and  is  in  the  units  slugs  per  square  foot  per  second. 

Computer  Routine 

Figure  1-15  illustrates  the  step  by  step  procedure  used  in  converting 
the  raw  data  to  mass  emission  rates.  The  top  row  are  the  data  inputs  to 
the  program.  These  data  files  are  stored  in  the  computer  as  a result  of 
the  first  stage  of  data  reduction  where  the  records  were  converted  to 
engineering  units.  These  three  records  are  the  Engine/Test  Data  File,  the 
Smoke  Data  File  and  the  Concentration  Data  File.  In  the  calculation  process 
the  mass  weighting  parameter  pV  is  calculated  and  used  to  mass  weight  the 
concentrations  data.  Then,  the  average  mass  weighted  concentrations  for 
each  power  setting  is  determined.  The  mass  emission  rates  in  pounds  per 
thousand  pounds  of  fuel  are  then  calculated  from  the  average  mass  weighted 
concentrations  by  carbon  balance. 

Calculations  also  performed  at  this  time  included  a fuel/air 
ratio  calculation  based  on  the  exhaust  analysis  and  an  air  flow  calculation 
if  needed.  For  those  test  cell  installations  not  having  calibrated  bell 
mouths  the  air  flow  was  calculated  from  the  bell  mouth  total  and  static 
pressures.  The  air-fuel  ratio  calculated  from  the  emissions  analysis  is 
used  for  comparison  to  the  measured  air-fuel  ratio  as  a check  on  the  quality 
of  the  emissions  analysis. 

The  mass  emission  rate  in  pounds  per  hour  of  each  pollutant  is 
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FIGURE  1-  15  MASS  EMISSION  RATE  CALCULATION  SYSTEM 
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also  calculated  from  the  product  of  the  rate  per  pound  of  fuel  and  the 
fuel  flow  rate.  A Mass  Edit  report  is  then  produced  so  the  analyst  can 
check  the  quality  of  the  data. 

The  final  step  in  the  data  reduction  procedure  is  the  production 
of  the  Individual  Engine  Test  Reports  and  the  Model  Summaries  Report. 
Selected  portions  of  the  raw  data,  primarily  those  which  describe  the  engine 
operating  parameters  and  test  conditions,  are  combined  along  with  the 
calculated  emission  rates  into  an  Individual  Engine  Test  Report,  the 
contents  of  which  were  prescribed  under  the  Contract. 

All  the  engine  tests  of  an  engine  model  (usually  numbering  about 
ten  tests)  are  statistically  combined  into  the  Model  Summary  report. 

Standard  statistical  routines  were  used  to  calculate  mean,  standard 
deviation  and  coefficient  of  variation  for  each  of  the  pollutants  measured. 
Similar  treatment  is  given  to  the  fuel  flow,  smoke  and  thrust  to  produce 
a comprehensive  picture  of  the  variability  encountered  during  the  testing 
of  each  engine  family. 

1.5  MASS  FLOW  WEIGHTING 

The  recommended  method  for  calculating  mass  emission  rates  from 
a source  with  non-uniform  cross-sectional  concentrations  is  to  measure  the 
concentrations  at  a large  number  of  points  representing  centers  of  equal 
area  and  to  simultaneously  measure  flow  parameters.  The  mass  emission 
rate  for  each  area  is  the  product  of  its  concentration  and  mass  flow.  The 
total  emission  rate  is  the  sum  of  the  rates  for  each  area.  The  additional 
measurements  required  for  mass  flow  weighting  are  the  exhaust  total  pressure 
and  exhaust  total  temperature  at  the  emissions  sampling  point. 

1.5.1  Mass  Flow  Calculations 

Mass  flow  rates  were  first  calculated  from  the  pressure  and 
temperature  data.  The  mass  flow  parameter  (pV)  at  each  grid  point  was 
calculated  from  the  static,  barometric  and  total  pressure  and  the  total 
temperature  using  equations  (1)  through  (5)  above. 

The  mass  flow  per  unit  area  (pV)  at  each  point  was  obtained  from 
the  product  of  p and  V and  is  in  the  units  slugs/ft^-sec. 
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1.5.2  Emissions  Weighting 

The  measured  concentration  at  each  point  was  weighted  by  the 

mass  flow  at  each  point  and  the  average  mass  weighted  concentration  for 

each  measured  exhaust  gas  constituent  was  determined  using  the 

relationship:  n 

i C p V 
| — ' n n n 

Mass  weighted  average  concentration  = 

n 

r p v 
i_  n n 

i 

where  Cr  is  the  concentration  of  the  pollutant  specie  at  each  point,  and 

p V is  the  mass  flow  at  each  point, 
n n r 

Where  mass  flow  data  were  missing  due  to  either  a missing  or 
erroneous  total  temperature  or  total  pressure  reading  the  emissions  data 
were  area  weighted.  In  the  area  weighted  case  the  concentrations  of  each 
pollutant  measured  at  each  point  were  summed  and  divided  by  the  number  of 
sample  points.  The  Individual  Engine  Test  Reports  are  annotated  to 
indicate  whether  mass  weighting  or  area  weighting  were  employed. 

1.6  PRESENTATION  OF  MEASURED  DATA 

This  section  describes  the  various  formats  used  to  report  the 
raw  data  gathered  during  the  program.  These  reports  record  all  the 
measured  data  including  emissions  concentrations,  engine  operating 
parameters  and  supplemental  information  on  test  conditions,  instrument 
operating  conditions  and  ambient  air  conditions.  There  are  four  reports 
which  contain  these  raw  data.  They  are  1)  Concentration  Edit  Report, 

2)  Engine  Test  Data  Edit,  3)  Mass  Data  Calculations  and  4)  Smoke  Edit 
Report.  The  word  "Edit"  has  been  used  in  naming  these  reports  since  in 
the  process  of  entering  the  raw  data  into  the  computer,  these  reports 
were  used  to  examine  and  ’edit’  the  data  in  order  to  ensure  completeness 
and  accuracy.  At  the  edit  stage,  obvious  outliers  or  errors  in  labelling 
were  either  deleted  or  corrected.  This  approach  was  used  to  prevent 
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wasteful  processing  of  erroneous  data.  Each  of  these  edit  reports  are 
described  below. 

1.6.1  Concentration  Edit  Report 

A sample  of  a Concentration  Edit  Report  is  presented  as  Figure  1-16. 
This  report  contains  the  individual  readings  in  voltage  of  the  emission 
analyzers  for  THC,  N0X,  NO,  CO  (High),  CO  (Low)  and  CO2  along  with  the  total 
temperature  thermocouple  channels.  The  average  of  thirty  total  pressure 
readings  is  entered  at  the  left  along  with  the  sample  probe  axis  and 
position  and  mode/ sample  number.  Above  each  data  column  appear  both  the 
instrument  span  factor  and  zero  adjustment  interpolated  by  time  difference 
between  the  beginning  and  end  instrument  calibrations.  The  average  voltage 
reading  and  reduced  concentration  appear  below  each  column  of  readings. 

The  readings  in  each  column  have  been  adjusted  for  span  factor  and  zero 
adjustment . 

1.6.2  Engine  Test  Data  Edit  Report 

A sample  of  an  Engine  Test  Data  Report  is  shown  in  Figure  1-17. 

This  report  logs  all  the  engine  operating  data.  These  readings  are  averages 

of  two  readings  taken  by  the  test  cell  operators  at  the  beginning  and  end 
of  the  emissions  test  at  each  power  setting.  The  figure  is  anotated  with 
explanations  of  the  labels  and  engineering  units  used. 

1.6.3  Smoke  Edits 

A sample  smoke  edit  is  presented  as  Figure  1-18.  W/A  is  the 
weight  of  gas  sample  divided  by  the  filter  area  calculated  from  the  listed 

values  of  sample  temperature,  pressure  and  volume.  In  all  category  A and 

B tests  the  target  value  for  W/A  was  .023  pounds  per  square  inch. 

1.6.4  Mass  Calculations  Edit  Report 

This  report,  illustrated  in  Figure  1-19,  is  a sample  point  by 
sample  point  listing  of  the  measured  concentration  and  exhaust  physical 
parameters.  The  exhaust  parameters  are  used  to  calculate  the  mass  flow 
weighting  parameter,  pV  at  each  sample  point.  The  weighting  parameter 
has  the  units  of  mass  flow  per  unit  area  (slugs  per  square  foot  per  second) . 
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Figure  1-17  Engine  Edit  Data  Sample  Report 
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In  calculating  the  mass  weighted  average  concentration,  the  measured 

concentration  at  each  sample  point  is  multiplied  by  the  pV  value  at  each  sample 

point.  The  sum  of  the  mass  weighted  concentrations  are  then  divided  by 

the  sum  of  the  mass  flow  parameters  to  obtain  the  average  mass  weighted 

concentration  of  each  parameter.  Algebraically  expressed,  the  mass  weighted 

average  concentration  of  CO  for  instance  is  C = ^ ^ ^ . Both  area 

L(pv) 

weighted  and  mass  weighted  concentration  averages  are  listed.  When  one 
of  the  exhaust  parameters  such  as  total  temperature  or  pressure  was  missing 
average  mass  weighted  concentration  could  not  be  calculated.  In  such 
case  or  when  a rake  probe  was  used,  the  data  are  presented  as  area-weighted 
averages  only. 

Both  mass  weighted  and  area  weighted  emission  indeces  are  listed 
at  the  bottom  of  the  page  allowing  comparison  between  the  two.  Preference 
is  given  to  the  mass  weighted  emission  index  when  transferring  these  data 
to  the  Individual  Engine  Report  file. 

1.6.5  Test  Log 

The  test  log  is  a tabular  listing  of  all  the  engine  tests  performed 
during  this  program.  It  provides  a cross-reference  of  test  numbers  and 
test  codes.  Figure  1-20  is  a sample  of  a test  log.  Engines  used  for 
more  than  one  test  can  be  quickly  spotted  using  this  log.  For  instance, 

Scott  test  Numbers  18  and  19  (a  Category  B and  a Category  C test)  were 
both  done  on  Engine  1, replicate  11  (J69-T25  S/N  321612).  Also  easily 
correlated  with  this  table  are  the  fuel  sample  number,  test  location,  test 
category,  engine  serial  number,  engine  type  and  test  date. 
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Figure  1-20  Engine  Test  Log 


2.0  INDIVIDUAL  ENGINE  TEST  REPORTS 


These  reports  list  the  results  of  each  individual  engine  test. 

They  are  organized  by  engine  operating  mode.  Figure  2-1  is  an  example  of 
an  Individual  Engine  Test  Report.  Volume  II  contains  the  Individual  Engine 
Test  Reports. 

2.1  DATA  PRESENTATION 

The  test  results  are  grouped  into  eleven  sections  on  the  report 
page.  Section  1 at  the  upper  left  contains  the  "Scott  test  number".  This 
is  a unique  number  used  to  catalog  each  engine  test.  Test  Category  (A,  B 
or  C)  is  contained  in  this  section.  At  the  top  center  of  the  page  (section 
2)  is  the  test  date.  Section  3 contains  the  "Scott  Engine  I.D.".  This 
label  denotes  the  engine  type  and  replicate  number.  For  instance,  in  the 
example  shown.  Engine  1 means  that  this  is  a report  on  the  J69  engine; 
number  11  means  that  this  is  a report  on  the  eleventh  J69  engine  tested. 
Section  4 contains  the  specified  engine  data;  serial  number,  total  time, 
engine  type  and  model  and  a remark  as  to  whether  the  engine  passed  or 
failed  the  performance  test.  Section  5 is  the  air  flow  measurement  type. 
"Bell  mouth"  means  the  air  flow  was  calculated  from  either  measured  total 
pressure  and  static  pressure  at  the  throat,  or  from  a static  pressure 
measurement  only  assuming  a long  radius  nozzle.  "Measured"  means  that  the 
air  flow  data  was  supplied  by  the  test  cell  from  pressure  readings  and  a 
calibrated  bell  mouth.  Section  6 lists  the  ambient  air  parameters  at  the 
beginning  and  end  of  the  test.  Section  7 lists  the  sample  line  conditions. 
Section  9 is  the  report  of  the  analysis  of  the  fuel  sample  taken  at  the 
time  of  the  test.  The  hydrogen,  carbon  and  sulfur  content  are  reported 
along  with  the  H/C  mol  ratio  and  C/H  mass  ratio. 

Section  10  is  the  main  body  of  the  report  and  contains  the  main 
engine  operating  parameters  and  exhaust  emissions  analyses  at  each  power 
mode  studied.  Section  10  contains  the  calculated  emission  rates  in  both 
pounds  per  thousand  pounds  of  fuel  and  pounds  per  hour.  At  the  bottom 
of  Section  11,  a note  indicates  whether  the  emission  rates  are  mass-weighted 
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weighting  was  not  possible  due  to  missing  data,  the  sample  point 
•ations  were  area  weighted  and  so  designated  on  this  line. 


or  area  weighted.  When  either  the  exhaust  velocity  or  density  were  missing 
the  emissions  were  area  weighted.  Measurements  based  on  the  use  of  a 
rake  probe  were  considered  to  be  area-weignted. 
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3.0  MODEL  SUMMARY  REPORTS 


Model  Summary  reports  are  a statistical  review  of  the  emissions 
data  gathered  on  each  engine  type.  The  maximum  and  minimum  values  of 
measured  emission  index  (pounds  per  thousand  pounds  of  fuel)  and  emission 
rate  (pounds  per  hour)  are  listed  for  each  of  the  exhaust  species.  Cal- 
culated values  of  the  mean,  standard  deviation  and  coefficient  of  variation 
are  presented.  The  data  are  arranged  in  order  of  power  setting.  Figure 
3-1  is  a sample  of  a Model  Summary  Report.  Volume  III  contains  the  Model 
Summary  Reports.  The  engine  model  is  entered  at  the  upper  left.  In  the 
center  are  the  test  locations  and  a note  on  which  set  of  data  are  presented. 
Two  sets  of  Model  Summaries  were  developed  one  for  all  engine  tests  and  one 
for  the  Category  B tests  only.  The  model  summary  for  the  Category  B tests 
only  is  the  more  statistically  significant  since  these  were  the  tests  done 
on  the  largest  number  of  engines  of  a given  type.  The  number  of  obser- 
vations of  each  parameter /power  setting  is  included  for  use  in  gauging  the 
statistical  significance. 

The  widest  variations  in  emission  index  are  those  of  the  hydro- 
carbon data.  This  is  consistent  with  other  reported  observations  of  gas 
turbine  data.  N0X  variations  are  usually  more  consistent  than  either 
NO  or  NO2.  This  may  be  due  to  sampling  problems  as  previously  noted  in 
Section  1.2.5.  A further  variation  is  noted  in  the  NO/NO^  ratios  at 
idle  power  especially  in  the  smaller  engine. 
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Figure  3-1  Model  Summary  Sample  Report 


4.0  DATA  ANALYSIS 


4.1  ANALYSIS  OF  EMISSION  INDEX  AND  SMOKE  NUMBER  VS.  THRUST 

For  each  engine  type  and  model,  individual  plots  of  Smoke  Number, 
Carbon  Monoxide  Emission  Index,  Total  Hydrocarbon  Emission  Index  and 
Nitrogen  Oxide  Emission  Index  versus  Power  Setting  are  presented  as 
Figures  4-1  through  4-84  The  Emission  Indices  are  in  units  of  pounds  of 
pollutant  per  thousand  pounds  of  fuel  burned  and  the  Power  Setting  is 
represented  as  Thrust  (pounds).  Engine  Pressure  Ratio  or  Horsepower. 

Plotting  coordinates  were  determined  as  the  mean  power  setting 
and  mean  emission  index  or  smoke  number  at  each  test  mode  on  Categroy  B 
tests.  To  provide  an  estimate  of  the  scatter  in  the  data,  the  range  values 
around  the  mean  coordinate  are  also  plotted.  The  range  was  selected  as  a 
better  measure  of  the  scatter  than  the  standard  deviation  due  to  the  limited 
number  of  engines  tested  in  each  model  category.  In  order  to  provide  a 
comparison  between  the  abbreviated  sampling  method  of  Category  B tests  and 
the  13-point  sampling  method  of  Category  A tests,  the  A test  points  are 
also  plotted.  Only  Category  A tests  were  conducted  on  the  TF39  engines,  so 
the  plotting  coordinates  are  the  mean  of  the  'A'  test  power  setting  and 
emission  indices.  For  F100-PW100  engines,  the  'S'  tests  conducted  on  this 
engine  were  also  plotted.  The  'S'  tests  were  special  tests  to  measure  the 
net  emissions  from  the  test  cell  when  water  cooling  was  being  used.  The 
TF34-DEV  and  the  T700  engines  each  had  two  Category  A tests  conducted  on 
them  using  two  fuels:  JP4  and  JP5. 

The  plots  hold  no  surprises  in  that  all  trends  are  typical  of  gas 
turbine  engines.  The  hydrocarbon  emission  index  varies  over  three  to  four 
decades,  decreasing  with  increasing  power  setting  up  to  full  military  power. 
Erroneous  hydrocarbon  data  were  verified  in  the  tests  of  the  J79-15,  T56-A7B, 
J57-19,  J57-P21 , J57-43,  TF30-P3,  TF30-P7,  TF30-P100  and  TF33-P7  engines. 

The  erroneous  data  were  caused  by  leakage  of  glycol  coolant  into  the  gas 
sample  line  of  the  rake  probes.  These  bad  data  are  all  Category  B test 
data  measured  using  rake  probes,  and  they  can  be  seen  to  form  a population 
considerably  different  from  the  Category  A data  (measured  with  a different 
probe) . 
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The  carbon  monoxide  index  decreases  with  increasing  power  setting 
up  to  full  military  power.  The  range  of  CO  emission  index  is  two  or  three 
decades.  Total  oxides  of  nitrogen  increase  with  power  setting  up  through 
military  power.  The  usual  N0X  emission  index  at  full  power  is  approximately 
five  times  the  emission  index  at  idle.  The  smoke  number  increases  with 
power  setting  for  all  the  engines  tested  except  the  J69  engine  which  had 
the  highest  smoke  number  at  idle.  The  J85-5,  J60,  TF39  and  TF34  engines 
all  had  smoke  numbers  under  20  at  all  test  modes. 

4.2  VARIATION  OF  EMISSION  INDEX  AND  C02  CONCENTRATION  ACROSS  EXHAUST  PLANE 

To  define  the  representativeness  of  the  13-point  Category  A tests, 
computer  plots  of  emission  index  at  each  sample  point  versus  probe  position 
for  carbon  monoxide,  total  hydrocarbons,  nitrogen  oxides  and  smoke  number 
were  developed.  Additionally,  to  characterize  the  shape  of  the  exhaust 
plume,  plots  of  carbon  dioxide  (%)  at  each  sample  point  versus  probe 
position  were  developed.  Figures  4-85  through  4-90  are  the  plots  of 
Emission  Index,  Smoke  Number  and  CO2  concentration  across  the  exhaust  plane 
as  measured  during  one  Category  A test.  Data  for  J69,  J57,  TF30,  J79,  J85 
and  TF39  engines  are  presented  as  examples. 

The  plots  presented  have  the  X-axis  divided  into  the  respective 
+30°  and  -30°  traverses.  Sample  points  1 through  12  are  positioned  at  the 
centers  of  equal  areas  while  point  13  represents  the  center  of  the  exhaust 
plume.  The  center  point  although  not  required  for  the  calculation  of 
emission  rate  since  it  is  not  a "center  of  equal  area"  is  very  useful  in 
studies  of  the  distribution  of  exhaust  constituents.  Capital  letter  I’s 
are  used  at  the  upper  and  lower  margins  of  the  plots  to  indicate  the 
boundaries  of  the  area  represented  by  each  sample  point.  The  spacing 
between  the  boundaries  decreases  as  one  moves  out  from  the  center,  but  the 
areas  represented  between  the  boundaries  are  equal. 

The  emission  index  at  each  point  was  calculated  by  the  method  of 
ARP  1256  from  the  exhaust  concentrations  measured  at  each  sample  point. 

The  emission  index  is  therefore  determined  by  the  carbon  balance  at  each 
point  and  is  essentially  a ratio  of  the  pollutant  to  C02  at  each  sample 
point. 
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If  the  exhaust  gases  were  well  mixed  over  the  exhaust  plane  the 
emission  index  (which  is  a ratio  of  the  pollutant  concentration  to  the  C02 
concentration)  would  be  constant  across  any  exhaust  diameter.  Reference 
to  the  plots  of  emission  index  versus  probe  position  shows  that  hydrocarbons 
and  CO  are  poorly  mixed  with  the  C02  at  all  power  settings  for  the  majority 
of  the  engines  tested.  The  oxides  of  nitrogen  by  comparison  are  very  well 
mixed  with  the  C02  and  demonstrate  profiles  of  constant  emission  index. 

When  the  N0X  emission  index  does  not  approximate  a horizontal  line,  erron- 
eous data  are  suspected.  An  example  of  such  is  the  J79-15  N0X  plots  on 
Figure  4-88.  The  steep  gradient  at  the  edges  of  the  N0X  (and  also  the  CO 
and  THC  plots)  was  caused  by  an  erroneous  CO2  measurement.  The  error  was 
traced  to  a misad justed  C02  analyzer.  The  C02  error  was  negligible  at  the 
higher  concentration  level  but  approximately  30%  at  the  low  concentration 
levels  of  the  edge  of  the  exhaust  plume.  This  error  is  present  only  in 
the  Category  A test  of  the  engine  and  though  a marked  distortion  occurred 
to  the  emission  index  patterns,  the  average  emission  indices  for  the 
Category  A test  agreed  well  with  the  data  of  the  five  Category  B tests  also 
performed  on  this  engine.  Therefore  these  data  were  retained. 

The  degree  to  which  a given  sample  point  is  representative  of  its 
assigned  area  can  be  determined  from  the  plots  of  emission  index,  although 
this  was  not  done  as  a part  of  this  analysis.  The  plots  were  made  some 
time  after  all  the  emissions  tests  were  completed.  Had  similar  plots  been 
made  at  the  beginning  of  the  testing  of  each  engine  type,  insight  could  be 
gained  as  to  the  most  appropriate  sampling  points  for  each  power  setting. 

The  replicate  testing  of  the  remaining  engines  of  the  type  could  then  have 
been  done  with  this  benefit. 

The  plots  of  CC>2  distribution  were  examined  for  similarities  and 
differences.  Table  4-1  summarizes  these  C02  plume  shapes  and  characterizes 
the  engines  by  plume  shape.  Four  plume  shapes  were  selected  which  describe 
the  plume  patterns.  The  Group  1 pattern  is  flat  across  the  exhaust  plume. 
The  Group  2 pattern  is  flat  in  the  center  with  sharply  sloping  sides.  The 
Group  3 pattern  has  a smooth  peak  and  the  Group  4 pattern  is  two-humped 
with  a smooth  depression  in  the  center.  The  power  mode  codes  used  in  this 


table  are  those  of  Figures  4-1  through  4-84  and  correspond  to  idle,  inter- 
mediate and  military  thrust.  The  C02  plume  pattern  is  closely  related  to 
engine  type.  The  four  engine  types  are  turbojets,  turbofans  with  either 
mixed  exhaust  or  external  fans  and  turboshaft  engines  (turboprop  and 
helicopter  engines).  The  turbojets  all  fall  into  Group  4 with  the  excep- 
tion of  the  J85-5.  The  turbofan  engines  with  external  fans  also  fall  into 
this  group  since  their  exhaust  as  sampled  contained  none  of  the  fan  air. 
Group  3 and  Group  2 (which  is  really  a special  case  of  3)  contain  the 
mixed  turbofan  engines.  The  T56  turboshaft  engine  had  a flat  C02  pattern 
at  idle  and  a Group  3 pattern  at  the  higher  power  setting. 

The  C02  plume  pattern  is  of  interest  primarily  as  an  indication 
of  combustion  zones.  The  C02  pattern  of  itself  cannot  be  used  to  establish 
representative  sampling  points  for  emission  tests.  If  the  pollutant 
patterns  followed  the  C02  pattern,  then  representative  sampling  could  be 
done  at  just  a few  locations  in  the  exhaust  plane.  However,  the  other 
pollutants  do  not  follow  the  C02  distribution  as  was  discussed  above. 

4.3  COMPARISON  OF  CATEGORY  B AND  CATEGORY  A SAMPLING 

Tables  4-2  through  4-5  are  compilations  of  Category  A and  Category 
B at  three  power  settings:  Idle,  Intermediate  and  Military.  One  table 
each  compares  the  THC,  CO,  N0X  and  Smoke  for  all  the  engines  tested. 

The  data  are  tabulated  on  the  Category  A and  Category  B tests 
at  each  power  setting.  Two  engine  models  had  two  Category  A engines 
tested:  the  J60  and  T56.  For  all  other  engine  models,  only  one  engine 
per  model  was  tested  in  Category  A.  The  mean,  minimum  and  maximum  levels 
found  in  the  Category  B tests  are  listed.  Several  Category  B engines  of 
each  model  type  were  tested.  When  the  same  engine  tested  in  Category  A 
was  also  tested  in  Category  B,  those  test  results  are  entered  in  the  table 
under  the  Column  marked  B*.  The  comparisons  have  been  further  divided  into 
those  B tests  using  the  four-point  traverse  and  the  B tests  which  used  the 
rake  probes. 
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Large  differences  between  the  Category  A and  Category  B tests 
were  found  in  the  hydrocarbon  data.  These  differences  were  caused  by 
contamination  of  the  rake  probe  by  the  leakage  of  glycol  coolant  into  the 
gas  sample  line.  Although  the  rake  probes  were  repaired  several  times, 
sufficient  leakage  remained  to  cause  erroneous  data.  The  CO,  N0X  and 
Smoke  data  were  not  affected  by  the  glycol  leaks. 

Apart  from  this  obvious  case  of  the  hydrocarbon  data,  large 
differences  between  engine  tests  remain  between  the  Category  A and  Category 
B results  for  all  the  pollutant  species.  Some  of  the  differences  can  be 
attributed  to  real  differences  between  engines.  In  those  cases  where  both 
Category  A and  Category  B tests  were  conducted  on  the  same  engine,  cause 
of  the  difference  between  the  two  types  of  ' asts  is  more  easily  assigned. 
Although  some  run  to  run  variation  can  occur,  the  major  cause  of  the 
difference  between  the  A and  B results  is  caused  by  the  two  sets  of 
sampling  points  used  for  the  two  measurements.  The  Category  A test  used 
twelve  sample  points,  three  in  each  "quadrant"  of  the  exhaust  plane.  The 
B test  used  four  points  on  one  quadrant  with  both  sets  of  sample  points 
located  at  centers  of  equal  area.  If  three  points  were  used  for  the  B 
test  instead  of  four,  then  the  two  tests  might  have  been  more  comparable 
especially  if  there  was  good  symmetry  of  the  pollutant  distribution. 
Comparing  four  points  against  three  per  quadrant  introduces  a variation 
due  to  the  steepness  of  the  edge  pattern.  The  variation  is  compounded  by 
poor  pollutant  symmetry.  Reference  to  Figures  4-84  through  4-90  shows 
that  both  the  THC  and  CO  distributions  can  be  much  higher  in  some  quadrants 
than  others  and  indeed  even  the  trend  in  emission  index  can  reverse  from 
one  quadrant  to  another.  Figure  4-87  illustrates  these  skewed  CO  and  TPC 
patterns.  Since  the  CO  and  THC  patterns  are  similar,  one  gives  credence 
to  the  other  eliminating  suspicion  of  instrument  or  sample  line  biases. 
Sampling  just  one  quadrant  in  such  a situation  produces  a limited  view 
of  the  pollutant  distribution. 
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FIGURE  4-9  N0X  EMISSION  INDEX  VS  POWER  SETTING.  J60-P5  & J60-P3  ENGINES 
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FIGURE  4-14  SMOKE  NUMBER  VS  POWER  SETTING.  J79-15  ENGINE. 
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FIGURE  4-15  CO  EMISSION  INDEX  VS  POWER  SETTING.  J79-15  ENGINE. 
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FIGURE  4-16  THC  EMISSION  INDEX  VS  POWER  SETTING.  J79-15  ENGINE 
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FIGURE  4-22  SMOKE  NUMBER  VS  POWER  SETTING.  TF39  ENGINE. 
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FIGURE  4-23  CO  EMISSION  INDEX  VS  POWER  SETTING.  TF39  ENGINE. 
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FIGURE  4-24  THC  EMISSION  INDEX  VS  POWER  SETTING.  TF39  ENGINE. 
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FIGURE  4-25  N0X  EMISSION  INDEX  VS  POWER  SETTING.  TF33-P3  ENGINE 
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FIGURE  4-26  CO  EMISSION  INDEX  VS  POWER  SETTING.  TF33-P3  ENGINE. 
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FIGURE  4-29  N0X  EMISSION  INDEX  VS  POWER  SETTING.  J75-19W  ENGINE. 
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FIGURE  4-30  SMOKE  NUMBER  VS  POWER  SETTING.  J75-19W  ENGINE. 


94 


CO  (///lOOO  if  FUEL) 


6000  9000  12000  15000  18000  21000 

THRUST  (if) 


FIGURE  4-31  CO  EMISSION  INDEX  VS  POWER  SETTING.  J75-19W  ENGINE. 
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FIGURE  4-32  THC  EMISSION  INDEX  VS  POWER  SETTING.  J75-19W  ENGINE. 
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FIGURE  4-34  SMOKE  NUMBER  VS  POWER  SETTING.  J75-P17  ENGINE. 
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FIGURE  4-36  THC  EMISSION  INDEX  VS  POWER  SETTING.  J75-P17  ENGINE. 
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FIGURE  4-37  NOx  EMISSION  INDEX  VS  POWER  SETTING.  TF33-P7  ENGINE. 
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FIGURE  4-38  SMOKE  NUMBER  VS  POWER  SETTING.  TF33-P7  ENGINE. 

102 


CO  (0/1000  0 FUEL) 


103 


THC  (#/1000  # FUEL) 


N0X  (0/1000  0 FUEL) 


25.0 


1 

!> 

* f 

1 

, 

{ 

? 

* 

1 

o Keen  of  Category  B Teat 
Eeieeion  Index  and  Power 
Setting 

* Range  of  Eelealon  Index 

• Range  of  Power  Setting 

e Category  A Test 

Category  B Teat:  Raka  Probe 

6 

> 2500 

5000 

7500 

10000 

12500 

15000 

17500 

THRUST 

(#) 

FIGURE  4-41 

N0X  EMISSION 

INDEX  VS 

POWER 

SETTING. 

TF41-A1 

ENGINE 

105 


SMOKE  NUMBER 


1 


i 

i 


0 2500  5000  7500  10000  12500  15000  17500 


THRUST  (#) 

FIGURE  4-42  SMOKE  NUMBER  VS  POWER  SETTING.  TF41-A1  ENGINE. 
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FIGURE  4-44  THC  EMISSION  INDEX  VS  POWER  SETTING.  TF41-A1  ENGINE 

108 


NO  (Z//1000  # FUEL) 


SMOKE  NUMBER 


110 


THC  (#/1000  # FUEL) 


112 


12 


5 


4 


3 


0 1500  3000 


O^ean  of  Category  B Teat 
Emission  Index  and  Power 
Setting 

* Range  of  Emission  Index 

• Range  of  Power  Setting 
° Category  A Test 


Category  B Teet:  Rake  Probe 


4500  6000  7500  9000 

THRUST  (//) 


10500 


FIGURE  4-49  NCX  EMISSION  INDEX  VS  POWER  SETTING.  J57-43  & J57-43WB  ENGINES. 
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FIGURE  4-50  SMOKE  NUMBER  VS  POWER  SETTING.  J57-43  & J57-43WB  ENGINES. 
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FIGURE  4-51  CO  EMISSION  INDEX  VS  POWER  SETTING. 


J57-43  & J57-43WB  ENGINES. 
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FIGURE  4-52 
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FIGURE  4-54  SMOKE  NUMBER  VS  POWER  SETTING.  TF30-P3  ENGINE. 
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FIGURE  4-55  CO  EMISSION  INDEX  VS  POWER  SETTING.  TF30-P3  ENGINE. 
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FIGURE  4-56  THC  EMISSION  INDEX  VS  POWER  SETTING.  TF30-P3  ENGINE. 
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FIGURE  4-58  SMOKE  NUMBER  VS  POWER  SETTING.  TF30-P100  ENGINE. 

122 


£ 


CO  (/// 1000  # FUEL) 


THRUST  (#) 


FIGURE  4-59  CO  EMISSION  INDEX  VS  POWER  SETTING. 
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FIGURE  4-60  THC  EMISSION  INDEX  VS  POWER  SETTING.  TF30-P100  ENGINE. 
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FIGURE  4-61  NOx  EMISSION  INDEX  VS  POWER  SETTING.  TF30-P7  ENGINE. 
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FIGURE  4-62  SMOKE  NUMBER  VS  POWER  SETTING. 
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FIGURE  4-63  CO  EMISSION  INDEX  VS  POWER  SETTING.  TF30-P7  ENGINE. 


127 


(laai  # 0001/#)  DHI 


' 

l 


FIGURE  4-64  THC  EMISSION  INDEX  VS  POWER  SETTING.  TF30-P7  ENGINE. 
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FIGURE  4-65  N0X  EMISSION  INDEX  VS  POWER  SETTING.  J57-P21B  ENGINE 
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FIGURE  4-66  SMOKE  NUMBER  VS  POWER  SETTING.  J57-P21B  ENGINE. 
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FIGURE  4-67  CO  EMISSION  INDEX  VS  POWER  SETTING.  J57-P21B  ENGINE. 
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FIGURE  4-68  THC  EMISSION  INDEX  VS  POWER  SETTING.  J57-P21B  ENGINE. 
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FIGURE  4-69  NOx  EMISSION  INDEX  VS  POWER  SETTING.  F100-PW100  ENGINE. 
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FIGURE  4-72  THC  EMISSION  INDEX  VS  POWER  SETTING.  F100-PW100  ENGINE. 
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FIGURE  4-73  NOx  EMISSION  INDEX  VS  POWER  SETTING.  TF34-DEV  ENGINE. 
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FIGURE  4-78  SMOKE  NUMBER  VS  POWER  SETTING. 
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FIGURE  4-80  THC  EMISSION  INDEX  VS  POWER  SETTING.  TF34-100  ENGINE. 
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FIGURE  4-83  CO  EMISSION  INDEX  VS  POWER  SETTING.  T700  ENGINE. 
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TABLE  4-1  C02  PLUME  SHAPES 


Engine 

Type 

Power 

Mode 

Group  1 

Group  2 

/ \ 

J-57-19W 

J 

A 

B 

C 

J57-21B 

J57-43 

A 

B 

C 

J60-P5B 

J60-P3 

J 

A 

B 

C 

J59-T25 

J 

A 

B 

C 

J75-P17 

J 

A 

B 

C 

J79-15 

J 

A 

X 

B 

C 

Max  A/B 

J85-5 

J 

A 

X 

B 

B 

X 

c 

X 

TF30-P3 

tfm 

TF30-P7 

B 

C 

TS 

“ Turbo  Shaft 

A = 

Idle 

J 

= Turbojet 

B 

Intermediate 

tfm 

” Turbo  Fan  Mixed  Exhaust 

C = 

Military 

TFe 

= Turbo  Fan  External  Fan 

^ .v 
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(Continued) 


Engine 

Type 

Power 

Mode 

Group  1 

Group  2 

Group  3 

Group  4 

(A 

/ \ 

A 

TF30-P100 

tfm 

A 

X 

B 

X 

C 

t 

X 

TF41-A1 

tfm 

A 

X 

B 

X 

C 

X 

F100-PW100 

A 

X 

B 

X 

C 

X 

TF33-P3 

TF33-P7 

tfe 

B 

X 

C 

X 

TF34 

tfe 

A 

X 

D 

X 

F 

X 

T56-A7B 

TS 

A 

X 

C 

X 

D 

X 

[ 

* 
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, A - Category  A test  sampling  13  points  on  two  axes  60°  apart. 

One  outlier  removed  (1.51)  a , iD*  , , , 

a - Category  B -est  sampling  4 points  on  one  axis  or  sampling  with  rake  probe. 

Glycol  leak  in  probe  4 tests  deleted  B*-  Category  ' B'  test  done  on  the  same  engine  as  the  'A'  test. 

Glycol  leak  in  probe.  B rests  deleted 


Category  'B'  test  sampling  4 points  on  one  axis  or  sampling  with  rake  probe 
Category  ' B'  test  done  on  the  same  engine  as  the  'A'  teat. 


I ABLE  4-4  ABBREVIATED  SAMPLING  KETBOO  (CATEGORY  B TESTS)  COMPARED  TO  THE  13-POIMT  METHOD  CATEGORY  A TEST) 

NITROGEN  OXIDES  EMISSION  INDEX  (#/1000  # FUEL) 


5.0  EMISSION  FACTORS  FOR  AIR  FORCE  GAS  TURBINE  ENGINES 

Utilizing  the  relative-  merits  of  the  Category  A and  Category  B test 
methods  discussed  earlier  in  this  report,  the  two  sets  of  data  obtained  for 
each  engine  type  measured  were  combined  into  a single  set  of  emission  factors. 
These  "Best  Estimate"  emission  factors  names  a value  of  pollutant  emission  rate 
at  each  of  three  power  settings:  Idle,  Intermediate  and  Military  thus  fulfilling 
the  primary  goal  of  this  project. 

The  category  B data  obtained  on  this  project  was  indicative  of  the 
engine-to-engine  variability , and  the  mean  value  of  the  Category  B emission 
rates  for  each  engine  is  therefore  of  value  statistically.  The  Category  A 
tests  on  the  other  hand  were  considered  more  accurate  because  of  the  greater 
number  of  sampling  points  involved. 

A technique  was  agreed  to  by  the  contract  officer  for  combining  the 
Category  A and  the  Category  B data.  This  technique  was  as  follows: 

1.  It  was  determined  if  the  Category  A data  was  within  +2o  of  the 
mean  of  the  B data. 

2.  If  the  Category  A data  was  within  ±2o  of  the  B data,  then  the 
two  data  were  pooled. 

3.  If  the  Category  A data  was  not  within  ±2o  of  the  B data,  then 
a judgement  was  made  as  to  which  data  was  more  correct. 

The  pooled  data  were  combined  by  scoring  each  Category  A test  as 
being  worth  four  times  as  much  as  a Category  B test.  The  results  produce  a 
table  of  "Best  Estimates  Emission  Factors"  which  is  presented  as  Table  5-1. 

The  documentation  of  the  determinations  of  the  best  estimate  is 
presented  as  Tables  5-2  through  5-20.  In  each  of  these  tables  the  average  of 
the  Category  A data  points,  the  Category  B data  mean  value  and  the  number  of 
observations  made  in  each  category  are  listed  for  each  power  setting.  The 
standard  deviation  of  the  B data  is  also  included.  The  data  were  then  treated 
according  to  the  technique  listed  above.  Footnotes  at  the  bottom  of  the  table 
for  each  engine  type  list  the  considerations  used  in  each  case  where  the 
Category  A data  was  not  within  ±2o  of  the  Category  B mean. 


TABLE  5-2  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - J69-T25 


CAT 

NO. 

CAT 

NO. 

0 

B 

BEST 

A 

OBS 

B 

OBS 

ESTIMATE 

IDLE 

15.98 

1 

19.86 

10 

10.4 

19 

THC 

INT 

1.35 

1 

1.29 

10 

0.50 

1.3 

MIL 

0.53 

1 

0.49 

10 

0.  16 

0.5 

IDLE 

134.5 

1 

126.4 

10 

22.0 

129 

CO 

INT 

52.64 

1 

48.7 

10 

5.65 

50 

MIL 

34.24 

1 

31.0 

10 

1.60 

32 

IDLE 

1.52 

1 

1.53 

9 

0.58 

1.5 

NO  INT 

X 

2.61 

1 

2.68 

9 

0.56 

2.7 

MIL 

3.60 

1 

3.60 

9 

0.47 

3.6 

IDLE 

32.55 

1 

39.4 

10 

8.21 

37 

SMOKE 

INT 

1.67 

1 

2.02 

10 

2.50 

1.9 

MIL 

3.24 

1 

2.67 

10 

3.59 

2.8 

TABLE  5-3 

COMBINATION 

OF  CATEGORY  A AND 

CATEGORY 

B TESTS 

ENGINE 

- J85-5 

CAT 

NO. 

CAT 

NO. 

a 

B 

BEST 

A 

OBS 

B 

OBS 

ESTIMATE 

IDLE 

31.05 

1 

29.78 

9 

8.15 

30 

THC 

INT 

3.74 

1 

3.33 

9 

1.22 

3.5 

MIL 

0.84 

1 

0.84 

9 

0.27 

0.8 

IDLE 

172.9 

1 

180.3 

9 

11.0 

178 

CO 

INT 

41.30 

1 

43.57 

9 

2.77 

43 

MIL 

28.07 

1 

29.47 

9 

2.2G 

29 

IDLE 

1.29 

1 

1.26 

9 

.07 

1.3 

NO  INT 

X 

2.35 

1 

2.32 

9 

.35 

2.3 

MIL 

2.53 

1 

2.70 

9 

.42 

2.6 

IDLE 

0.00 

1 

0.46 

9 

1.05 

0.3 

SMOKE 

INT 

0.00 

1 

1.62 

9 

1.90 

1.1 

MIL 

3.58 

1 

2.79 

9 

1.96 

3.0 
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TABLE  5-4  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 
ENGINE  - J60-P3,  P5B 


¥ 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

Og 

BEST 

ESTIMATE 

IDLE 

8.11 

2 

10.29 

8 

3.90 

9.2 

THC 

INT 

0.19 

2 

0.12 

8 

.078 

0.2 

MIL 

0.16 

2 

0.07 

8 

.058 

0.1 

IDLE 

68.13 

2 

71.60 

8 

6.88 

70 

CO 

INT 

5.85 

2 

5.69 

8 

0.45 

5.8 

MIL 

4.13 

2 

3.81 

8 

0.31 

4.0 

IDLE 

1.48 

2 

1.49 

8 

0.20 

1.5 

NO  INT 

X 

3.90 

2 

4.10 

8 

0.22 

4.0 

MIL 

4.50 

2 

4.76 

8 

0.30 

4.6 

IDLE 

1.04 

2 

1.93 

8 

1.09 

1.5 

SMOKE 

INT 

18.71 

2 

17.04 

8 

3.80 

18 

MIL 

20.13 

2 

17.41 

8 

4.41 

19 
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TABLE  5-5  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - J79-15 


CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS 

°B 

ESTIMATE 

IDLE 

14.39 

1 

9.99 

5 

2.77 

12 

THC 

INT 

0.26 

1 

0.2^ 

4 

0.07 

0.3 

MIL 

0.19 

1 

0.23 

5 

.26 

0.2 

IDLE 

58.28 

1 

56.43 

5 

5.05 

57 

CO 

INT 

4.68 

1 

4.49 

5 

0.59 

4.6 

MIL 

2.16 

1 

2.30 

5 

0.40 

2.2 

IDLE 

2.50 

1 

2.46 

3 

.07 

2.5 

NO  INT 

X 

5.47 

1 

5.75 

5 

.80 

5.6 

MIL 

8.73 

1 

8.98 

5 

1.36 

8.9 

IDLE 

21.42 

1 

21.22 

5 

3.61 

21 

SMOKE 

INT 

57.62 

1 

59.63 

5 

3.29 

59 

MIL 

58.42 

1 

60.71 

5 

0.81 

60 

NOTES : 


<£ 


-"t)ne  outlier  removed 


(glycol  leak) . 


TABLE  5-6  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - T56-A7B 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

Best 

ESTIMATE 

IDLE 

20.3 

2 

21.2 

0.5^ 

0.3<P 

7 

3.5 

21.0 

THC 

INT 

0.55 

1 

4 

.47 

0.5 

MIL 

0.34 

1 

4 

.32 

1.4 

IDLE 

31.98 

2 

31.72 

7 

0.76 

32 

CO 

INT 

2.53 

2 

2.19 

7 

1.08 

2.4 

MIL 

2.19 

2 

1.95 

7 

0.25 

2.1 

IDLE 

3. 

1 

3.90 

7 

0.33 

3.9 

NO 

INT 

9.27 

2 

9.12 

7 

0.79 

9.2 

X 

MIL 

9.38 

2 

9.22 

7 

0.68 

9.3 

IDLE 

23.42 

2 

23.18 

7 

7.5 

23 

SMOKE 

INT 

36.25 

2 

36.14 

7 

4.6 

36 

MIL 

36.42 

2 

37.66 

7 

6.1 

37 

NOTES : 

^Three  B 

runs  deleted 

from 

hydrocarbon 

record , 

incorrect 

THC 

caused  by  leaking  glycol  coolant  from  probe. 


One  NO 


deleted  - improper  calibration  used. 
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TABLE  5-7 


COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 
ENGINE  - TF34-100 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

BEST 

ESTIMATE 

IDLE 

29.09 

1 

34.34 

5 

8.43 

32 

THC 

INT 

0.08 

1 

0.21 

5 

0.12 

0.2 

MIL 

0.05 

1 

0.10 

5 

0.06 

0.1 

IDLE 

104.4 

1 

106.6 

5 

6.42 

106 

CO 

INT 

3.62 

1 

4.89 

5 

1.23 

4.3 

MIL 

2.33 

1 

2.26 

5 

0.26 

2.3 

IDLE 

2.01 

1 

2.08 

5 

0.09 

2.0 

NO 

INT 

7.24 

1 

7.65 

5 

0.48 

7.5 

X 

MIL 

9.75 

1 

10.34 

5 

0.59 

10 

IDLE 

3.67 

1 

3.63 

5 

1.30 

3.6 

SMOKE 

INT 

2.25 

1 

0.68 

5 

0.51 

1.4 

MIL 

9.79 

1 

6.13 

5 

2.56 

7.8 
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TABLE  5-8 

COMBINATION  OF  CATEGORY  A AND 

CATEGORY  B 

TESTS 

ENGINE 

- J57-19W 

CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS  °B 

ESTIMATE 

IDLE 

79.13 

1 

75.20 

_0> 

3 13. 

6 

77 

THC 

INT 

0.15 

1 

- 

- 

0.2 

MIL 

0.09 

1 

- 

- 

0.1 

IDLE 

80.82 

1 

76.44 

3 

4.20 

79 

CO 

INT 

2.38 

1 

2.45 

3 

0.22 

2.4 

MIL 

1.87 

1 

1.85 

3 

0.05 

1.9 

IDLE 

2.27 

1 

2.17 

3 

0.06 

2.2 

NO  INT 

X 

9.80 

1 

8.76 

3 

0.40 

9.5 

MIL 

10.80 

1 

10.26 

3 

0.47 

11 

IDLE 

7.67 

1 

10.90 

3 

0.36 

SMOKE 

INT 

56.92 

1 

59.90 

3 

1.68 

58 

MIL 

55.83 

1 

60.73 

3 

1.50 

58 

NOTES: 


h. 


C Data  for  B tests  invalid  due  to  rake  probe  glycol  leak. 


e difference  between  a S/N  of  7 and  a S/N  of  11  is  quite  small 
and  indistinguishable  to  the  eye  of  an  observer.  Therefore,  Smoke 
data  was  pooled. 
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TABLE  5-9  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - J57-P21B 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

BEST 

ESTIMATE 

IDLE 

65.22 

1 

53.44 

_G> 

3 

1.65 

60 

THC 

INT 

0.27 

1 

- 

- 

0.3 

MIL 

0.08 

1 

- 

- 

0.1 

IDLE 

72.67 

1 

70.03 

3 

1.50 

72 

CO 

INT 

3.49 

1 

2.73 

3 

0.52 

3.2 

MIL 

2.02 

1 

1.91 

3 

0.31 

2.0 

IDLE 

2.41 

1 

2.23 

3 

0.04 

2.3 

NO 

INT 

8.26 

1 

8.32 

3 

0.52 

8.3 

X 

MIL 

9.78 

1 

9.94 

3 

0.75 

9.8 

IDLE 

8.75 

1 

12.17 

3 

1.61 

lP 

SMOKE 

INT 

59.92 

1 

60.53 

3 

2.18 

60 

MIL 

61.63 

1 

61.00 

3 

2.60 

61 

NOTES : 

®THC  Data 

invalid 

due  to  glycol  leak 

in  Rake 

Probe . 

®bif ference  between  S/N  of  8 and  S/N  of  12  is  indistinguishable  to 
the  observer. 
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TABLE  5-10  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - J57-P43 


CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS 

°B 

ESTIMATE 

IDLE 

81.13 

1 

68.35 

4 

10.4 

_<D 

75 

THC 

INT 

.09 

1 

- 

- 

0.1 

MIL 

.05 

1 

- 

- 

0.1 

IDLE 

83.03 

1 

72.35 

4 

2.76 

78 

CO 

INT 

2.00 

1 

2.05 

4 

0.13 

2.  3 

MIL 

1.41 

1 

1.59 

4 

0.06 

1.5 

IDLE 

2.22 

1 

2.14 

4 

0.16 

2.2 

NO 

INT 

10.32 

1 

9.45 

4 

0.81 

9.9 

X 

MIL 

11.26 

1 

10.75 

4 

0.80 

11 

IDLE 

7.58 

1 

8.97 

4 

1.75 

8.  3 

SMOKE  INT 

55.00 

1 

58.00 

4 

3.08 

57 

MIL 

(T) 

55.75 

1 

59.27 

4 

2.21 

58 

NOTE:  T’HC  Data  invalid  due  to  glycol  leak  in  probe. 
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TABLE  5-11  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - J75-19W 


CAT 

NO. 

CAT 

NO. 

°B 

BEST 

A 

OBS 

B 

OBS 

ESTIMATE 

IDLE 

0 

38.16 

3 

14 

38 

THC 

INT 

- 

0 

0.31 

3 

0.10 

0.3 

MIL 

- 

0 

0.30 

3 

0.13 

0.3 

IDLE 

0 

62.62 

3 

7.46 

62 

CO 

INT 

- 

0 

1.86 

3 

0.21 

1.9 

MIL 

- 

0 

1.47 

3 

6.20 

1.5 

IDLE 

“ 

0 

2.55 

3 

0.06 

2.6 

NO 

INT 

_ 

0 

8.95 

3 

6.35 

9.0 

X 

MIL 

_ 

0 

10.48 

3 

0.34 

10 

IDLE 

* 

0 

10.67 

3 

0.58 

11 

SMOKE 

INT 

- 

0 

51.00 

3 

1.00 

51 

MIL 

- 

0 

51.50 

3 

2.12 

52 

NOTE:  ^No  Category  A test  this  engine  model. 
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TABLE  5-12  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 
ENGINE  - J75-P17 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

BEST 

ESTIMATE 

IDLE 

94. 

1 

71.9 

2 

7.0 

72 

THC 

INT 

0.11 

1 

0.19 

2 

0.04 

0.1 

MIL 

0.10 

1 

0.19 

2 

0.08 

0.1 

IDLE 

86.4 

1 

86.0 

2 

5.3 

86 

CO 

INT 

1.88 

1 

1.83 

2 

0.01 

1.9 

MIL 

1.29 

1 

1.40 

2 

0.03 

1.3 

IDLE 

2.31 

1 

2.3 

2 

CD 

O 

2.3 

NO 

INT 

10.6 

1 

9.5 

2 

0.4 

10 

X 

MIL 

12.6 

1 

11.2 

2 

0.3 

12 

IDLE 

10.5 

1 

14.3 

2 

1.1 

12 

SMOKE 

INT 

53.3 

1 

53.5 

2 

9.2 

53 

MIL 

53.6 

1 

49.8 

2 

1.1 

52 

NOTE: 

Category 

A Idle  THC 

reading 

contaminated . 

TABLE  5-13 


COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 
ENGINE  - TF30-P3 


CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS 

°B 

ESTIMATE 

IDLE 

62.11 

1 

62.87 

3 

10.9 

62 

THC 

INT 

0.19 

1 

-CD 

- 

- 

0.2 

MIL 

0.12 

1 

CD 

0.1 

IDLE 

71.54 

1 

72.77 

3 

6.58 

72 

CO 

INT 

2.05 

1 

2.53 

3 

0.54 

2.3 

MIL 

1.25 

1 

1.52 

3 

0.52 

1.4 

IDLE 

2.42 

1 

2.15 

3 

0.29 

2.3 

NO 

INT 

11.63 

1 

10.44 

3 

0.69 

11 

X 

MIL 

14.00 

1 

13.14 

3 

1.04 

14 

IDLE 

0.25 

1 

3.03 

3 

1.27 

0.P 

SMOKE 

INT 

28.00 

1 

36.73 

3 

0.93 

MIL 

29.21 

1 

33.80 

3 

3.85 

NOTES : 

^THC  Data 

invalid 

due  to  glycol  leak 

in  rake 

probe . 

'“Category 

A and  Category 

B pooled. 

S/N  insignificant. 

(much  less 

than  25) . 
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TABLE  5-14  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - TF30-P7 


CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS 

°B 

ESTIMATE 

IDLE 

30.94 

1 

29.74 

3 

4.88 

30 

THC 

INT 

0.15 

1 

- 

- 

0.2 

MIL 

0.09 

1 

JD 

0.1 

IDLE 

53.36 

1 

52.58 

3 

7.81 

53 

CO 

INT 

1.11 

1 

1.24 

3 

0.08 

1.2 

MIL 

0.72 

1 

0.91 

3 

0.24 

0.8 

IDLE 

3.19 

1 

2.77 

3 

0.24 

3.0 

NO 

X 

INT 

15.26 

1 

13.37  ' 

3 

0.34 

14 

MIL 

20.95 

1 

17.82 

3 

0.75 

20 

IDLE 

1.03 

1 

4.57 

3 

2.93 

SMOKE 

INT 

29.17 

1 

34.40 

3 

2.71 

MIL 

27.63 

1 

33.17 

3 

2.31 

2P 

NOTES : 

®rHC  Data 

deleted 

l,  data 

invalid,  glycol  leak 

in  rake 

probe . 

S/N  of  Category 

A more 

correct . Rake 

probe 

biased 

toward  center 

of  engine 

where 

S/N  peaks,  therefore. 

Category  A S/N  selected. 
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TABLE  5-15  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - TF30-P100 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

BEST 

ESTIMATE 

IDLE 

20.22 

1 

18.16 

_0> 

_© 

4 

1.55 

19 

THC 

INT 

0.12 

1 

- 

- 

0.1 

MIL 

0.09 

1 

1 

— 

0.1 

IDLE 

48.91 

1 

48.02 

4 

3.38 

48 

CO 

INT 

0.65 

1 

0.80 

4 

0.22 

0.7 

MIL 

0.72 

1 

0.77 

4 

0.19 

0.7 

IDLE 

2.98 

1 

2.74 

4 

0.10 

2.9 

NO  INT 

X 

20.83 

1 

19.89 

4 

1.32 

20 

MIL 

29.64 

1 

26.49 

4 

1.79 

28 

IDLE 

1.08 

1 

4.38 

4 

0.75 

l.(P 

SMOKE  INT 

26.00 

1 

31.6 

4 

3.07 

2^ 

MIL 

24.50 

1 

27.42 

4 

2.87 

NOTES;  ^THC  deleted,  glycol  leak  in  rake  probe. 

probe  biased  toward  heavy  smoke.  Category  A S/N  selected. 
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TABLE  5-16  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - TF33-P3 


CAT 

NO. 

CAT 

NO. 

°B 

BEST 

A 

OBS 

B 

OBS 

ESTIMATE 

IDLE 

108.9 

1 

105.5 

4 

22.3 

107 

THC 

INT 

0.80 

1 

0.58 

4 

0.14 

0.7 

MIL 

0.75 

1 

0.39 

4 

0.16 

0.6 

IDLE 

83.93 

1 

84.02 

4 

3.92 

84 

CO 

INT 

2.93 

1 

2.28 

4 

0.33 

2.^ 

MIL 

2.24 

1 

1.66 

4 

0.14 

l.P 

l.P 

IDLE 

2.20 

1 

1.84 

4 

0.11 

NO 

INT 

8.98 

1 

8.05 

4 

0.43 

8 A~} 

X 

MIL 

10.65 

1 

9.47 

4 

0.42 

10  3 

IDLE 

10.50 

1 

15.00 

4 

3.89 

13 

SMOKE 

INT 

54.67 

1 

56.88 

4 

5.20 

56 

MIL 

54.00 

1 

56.88 

4 

5.04 

56 

NOTES: 

Engine 

used  for  A 

test  produced  high 

CO  as 

verified  by 

B test 

conducted  on  same 

engine. 

A test  data  ignored  and  Best 

Estimate 

based  on  B test  data . 

'J 

Category  A and  Category  B data  do  not  agree  with  acceptable  tolerance. 
Fuel  flow  for  A test  higher  than  maximum  value  observed  in  B Tests. 
Also,  EOT  higher  in  A test.  Therefore,  B value  used  for  Rest  Estimate. 

difference  between  Category  A and  Category  B data  slightly  exceeds 
allowable  tolerance  for  data  pooling  - data  pooled. 
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TABLE  5-17  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - TF33-P7 


CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS 

°B 

ESTIMATE 

IDLE 

86.98 

1 

67.15 

4 

11.3 

77 

THC 

INT 

0.10 

1 

- 

- 

0.1 

MIL 

0.03 

1 

- 

_ 

0.03 

IDLE 

96.44 

1 

89.67 

4 

2.89 

93 

CO 

INT 

1.29 

1 

1.24 

4 

0.22 

1.3 

MIL 

6.79 

1 

0.80 

4 

0.11 

0.8 

IDLE 

1.69 

1 

1.82 

4 

0.11 

1.8 

NO 

X 

INT 

9.63 

1 

9.13 

4 

0.81 

9.4 

MIL 

11.85 

1 

11.22 

4 

1.23 

12 

IDLE 

6.9/ 

1 

9.50 

4 

4.04 

8.2 

SMOKE 

INT 

50.93 

1 

47.63 

4 

5.25 

49 

MIL 

(1l.  . . 

47.98 

1 

47.00 

4 

5.23 

47 

NOTE : ^^Glycol  leak  in  rake  probe.  Category  B data  deleted. 
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TABLE  5-  ] 8 COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - TF41-A1 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

BEST 

ESTIMATE 

IDLE 

91.80 

1 

92.61 

_(D 

5 

11.9 

92 

THC 

INT 

0.36 

1 

- 

- 

0.4 

MIL 

0.15 

1 

- 

- 

0.2 

IDLE 

118.2 

1 

119.5 

5 

2.92 

119 

CO 

INT 

3.75 

1 

3.57 

5 

0.44 

3.7 

MIL 

1.87 

1 

1.81 

5 

0.16 

1.8 

IDLE 

1.54 

1 

1.41 

5 

.08 

1.5 

NO 

X 

INT 

12.74 

1 

12.21 

5 

.09 

12 

MIL 

21.55 

1 

21.31 

5 

1.18 

21 

IDLE 

7.50 

1 

13.00 

5 

3.76 

iP 

SMOKE 

INI 

27.92 

1 

40.20 

5 

4.19 

MIL 

34.00 

1 

47.70 

5 

2.22 

NOTES: 

^?ake  probe  leaked  glycol 
S/N,  data  pooled. 
^%ata  pooled. 

- Category  B 

data 

deleted . 
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TABLE  5-19  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 
ENGINE  - F100-PW100 


CAT 

A 

NO. 

OBS 

CAT 

B 

NO. 

OBS 

°B 

BEST 

ESTIMATE 

IDLE 

2.84 

2 

3.68 

5 

1.69 

3.2 

THC 

INT 

0.08 

3 

0.17 

5 

0.14 

0.1 

MIL 

0.19 

2 

0.08 

5 

0.09 

0.1 

IDLE 

24.04 

2 

24.39 

5 

4.21 

24 

CO 

INT 

1.77 

3 

1.05 

5 

.09 

1.6 

MIL 

0.89 

2 

0.80 

5 

0.13 

0.9 

IDLE 

3.33 

2 

3.35 

5 

0.17 

3.3 

NO 

INT 

9.22 

3 

11.22 

5 

0.78 

9.8 

X 

MIL 

26.69 

2 

26.66 

5 

2.78 

27 

IDLE 

4.80 

1 

12.17 

4 

6.64 

5.7 

SMOKE 

INT 

23.92 

1 

31.92 

4 

2.98 

2<P 

MIL 

26.84 

1 

34.50 

4 

1.39 

3P 

^5ata  pooled.  Although  difference  between  Category  B and  Category  A 
teats  greater  than  2 sigma. 


NOTE: 


TABLE  5-20  COMBINATION  OF  CATEGORY  A AND  CATEGORY  B TESTS 

ENGINE  - TF39 


CAT 

NO. 

CAT 

NO. 

BEST 

A 

OBS 

B 

OBS 

°B 

ESTIMATE 

IDLE 

22.98 

4 

_(D 

3.93 

23 

INT 

0.21 

4 

- 

.15 

0.2 

MIL 

0.18 

4 

- 

- 

0.12 

0.2 

IDLE 

66.73 

4 

- 

4.98 

67 

CO 

INT 

0.68 

4 

- 

.088 

0.7 

MIL 

0.68 

4 

- 

- 

.098 

0.7 

IDLE 

2.95 

4 

0.53 

3.0 

NO 

INT 

28.36 

4 

— 

— 

3*04 

28 

X 

MIL 

28.52 

4 

_ 

1.55 

28 

IDLE 

1.35 

2 

“ 

- 

.82 

1.4 

SMOKE 

INT 

5.64 

2 

- 

1.4 

5.6 

MIL 

5.00 

2 

- 

- 

2.4 

5.0 

NOTE: 


>o  B tests  - All  Category  A. 


INITIAL  DISTRIBUTION 


ADTC/CS  1 

DDC/TCA  2 

HQ  AFSC/DL  1 

HQ  AFSC/SD  1 

HQ  USAF/LEEV  1 

HQ  USAF/SGPA  1 

OSAF/MIQ  1 

OSAF/OI  1 

AFIT/Library  1 

AF IT/DE  1 

Federal  Laboratory  Program  1 

EPA/ORD  1 

USA  Chief.  RfiD/EQ  1 

USN  Chief,  RfiD/EQ  1 

OEHL/CC  2 

AFCEC/DEV  _ 1 

USAFSAM/EDE  2 

HQ  AFISC  2 

AUL/LSE  1 

HQ  USAF A/Library  1 

Det  1 ADTC/TST  1 

1 MSEW  1 

OUSDR&E  1 

USAF  Hospital,  Wiesbaden  1 r 

USN/NEPSS  1 

Naval  Air  Propulsion  Center  1 

AMD/CC  1 

AMRL/CC  1 

U SAFES AM/CC  1 

USAFESAM/VNL  2 

AFGL/CC  1 

AFAPL/CC  1 

AFAPL/TBC  2 

ASD/CC  1 

AEDC/CC  1 

aedc/dVr  1 

OC-ALC/MA  1 

San  Antonio  ALC/MAEEE  1 

San  Antonio  ALC/MA  1 

HQ  AFLC/MA  1 

HQ  AFLC/DE  1 

•>  HQ  AFLC/SGB  1 

Aircraft  Env  Support  Office  1 

Federal  Aviation  Administration  1 

Det  1 ADTC/ECA  3 

US  Army  Aviation  Systems  Command  2 

General  Electric  Company  1 

Pratt  fi  Whitney  Aircraft  Div  1 
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